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Abstract 
Charge generation and stability are key issues that have great impact upon the commercial 
viability of organic solar cells. In this thesis, a range of donor polymers, mainly of donor-
acceptor class, were employed. Various materials characterisation, photophysical and 
photostability studies were performed on neat polymer films and polymer/fullerene blend 
films with the aim of establishing relationships between material structure and device 
function/stability.  
Transient absorption spectroscopy (TAS) was employed for the photophysical studies on neat 
films. The photophysics of triplet excitons are found to strongly correlate with relative 
polymer crystallinity as determined from wide-angle x-ray diffraction (WAXD), with the 
more amorphous polymers exhibiting longer triplet lifetimes. The rate constant and yield of 
oxygen quenching of these triplet states also showed clear correlations with material 
crystallinity.  
Charge generation in polymer/fullerene blend films was investigated using TAS and steady 
state optical spectroscopies. Compositional dependence studies with varying fullerene 
loadings were conducted on two polymers of different crystallinity, with a stronger 
dependence being observed in the more amorphous blend films. A comparison of charge 
generation pathways via electron or hole transfer suggests that the energetics between donor 
and acceptor can affect the efficiency of these pathways. This is consistent with the 
observation of a correlation between polaron yield and the energy offset driving charge 
separation for a series of blend films. Furthermore, the polaron yield estimated from TAS was 
correlated with device photocurrent. 
Photochemical stability is of significant concern in organic solar cells, as organic materials 
are susceptible towards photo-oxidation. Accelerated photodegradation in neat and blend 
films was monitored using steady state absorption spectroscopy under oxygen atmosphere. 
More crystalline polymers with shorter triplet lifetimes are found to be more stable. The 
mechanism of photodegradation involving triplet-mediated singlet oxygen generation was 
investigated with a molecular fluorescent probe, and found to be a significant 
photodegradation pathway. 
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and DPP-TTB which are shown in red. 
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CTC  charge transfer complex 
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ΔEcs  driving energy for charge separation 
ΔES-T  energy difference between singlet and triplet states 
D-A  donor-acceptor 
ΔOD  change in optical density 
DPP  diketopyrrolopyrrole 
EA  electron affinity 
EQE  external quantum efficiency 
FF  fill factor 
HOMO  highest occupied molecular orbital 
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ICTA  tris-indene-C60  
IP  ionisation potential 
ISC  intersystem crossing 
ITO  indium tin oxide 
Jsc  short-circuit current 
LUMO  lowest unoccupied molecular orbital 
MDMO-PPV  poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene] 
MEH-PPV  Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] 
OPV  organic photovoltaic 
P3HT  poly(3-hexylthiophene) 
PCBM (C60)  [6,6]-phenyl-C61 butyric acid methyl ester 
PC71BM (C70)  [6,6]-phenyl-C71 butyric acid methyl ester 
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PCDTBT  poly(N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-   
     benzothiadiazole  
PCE  power conversion efficiency 
PF10TBT  poly[2,7-(9,9-dialkylfluorene)-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-    
                   benzothiadiazole)] 
PL  photoluminescence 
PLQ  photoluminescence quenching 
PPVs  poly(p-phenylene vinylenes) 
PV  photovoltaic 
Ra-P3HT  regiorandom-poly(3-hexylthiophene) 
Rr-P3HT  regioregular-poly(3-hexylthiophene) 
SOSG  singlet oxygen sensor green 
TAS  transient absorption spectroscopy 
TCSPC  Time-correlated single photon counting 
RR-P3HT  regioregular poly(3-hexylthiophene)  
RA-P3HT  regiorandom poly(3-hexylthiophene) 
VOC  open-circuit voltage 
WAXD  wide-angle x-ray diffraction 
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1.1 Motivation and background 
Global demand for energy is expected to rise steadily over the next few decades due to 
population growth, and economic and industrial development. About 80% of the world 
energy production still derives from fossil fuels - coal, oil and gas, which are finite 
resources.
1
 The burning of fossil fuels is also known to have a negative impact on the 
environment through the emission of greenhouse gases and pollution. Recent increases in 
shale gas exploration have also sparked widespread concern over its potentially detrimental 
effect on the environment. Hence there is a need to diversify the world energy resources 
towards renewable energy, especially in the wake of the Fukushima nuclear accident.  
Among the renewable energy technologies, solar energy has gained increasing interest from 
both the public and policymakers, due to its abundance and minimal impact on the 
environment.  As shown in Figure 1.1, there is rapid growth in the overall photovoltaic (PV) 
solar energy production worldwide over the past decade. However, PV solar energy still 
remains one of the more expensive energy sources, as the current PV market is mainly 
dominated by crystalline silicon PV which is still unable to compete effectively in some 
energy markets, partly due to the high cost of production.
2
 Hence, such conventional 
inorganic PV sometimes requires government incentives in order to compete with other forms 
of renewable energy.  
 
Figure 1.1: Global solar PV production from 1995 to 2012. [Taken from ref
3
] 
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In recent years, organic photovoltaics (OPVs) based on semiconducting polymers, the focus 
of this thesis, have received considerable attention as a promising low-cost PV technology. 
These polymer-based solar cells are solution-processable, and thus compatible with large area 
roll-to-roll manufacturing on light flexible substrates. The ease of processing and low cost 
potential of OPVs have since attracted much research effort from both academic institutions 
and newly established industries. Although rapid progress has been made in the field of OPV, 
the state of the art OPV device efficiency of 12% (Heliatek)
4
 is still significantly lower than a 
typical silicon-based PV (~20%). However, outdoor testing reports by Heliatek have found 
that the harvesting factor of OPV devices is ~15-20% better than inorganic PV due to the 
superior performance of OPV at high temperature (up to 80 
o
C) and low light conditions (e.g. 
under cloudy skies).
4,5
 This implies that an OPV device efficiency of 12% may be 
comparable to a 14-15% inorganic PV device, thus the efficiency of OPV has the potential to 
reach commercial viability in the near future. However, the poorer stability of OPV compared 
to conventional silicon PV is a key concern, as will also be addressed in this thesis. 
 
1.2 Development of organic solar cells 
The discovery of conjugated polymers with semiconducting properties in the 1970s has 
eventually led to the development of organic electronics including organic light-emitting 
diodes (OLEDs), field-effect transistors (OFETs) and photovoltaics (OPVs).
6
 Early OPVs 
were made of a single organic layer sandwiched between two electrodes of different work 
functions which create a built-in potential in the device. However, this built-in potential is 
often insufficient for exciton dissociation. Hence, the poor photocurrent generation results in 
low efficiencies of <0.1%.
7,8
 
In 1986, Tang
9
 reported a breakthrough in the field of OPV by using a bilayer heterojunction,  
achieving ~1% device efficiency. This bilayer heterojunction structure was based on donor 
and acceptor materials being stacked together, as depicted in Figure 1.2 (Left). Since exciton 
dissociation takes place at a donor-acceptor (D-A) interface, the bilayer thickness needs to be 
comparable to the exciton diffusion length to maximise charge generation. However, a thin 
active layer of several nanometres can severely limit photon absorption, hence leading to a 
rather low device photocurrent. 
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Another milestone for OPV was reached with the introduction of the bulk heterojunction 
approach by Heeger et al.
10
 In bulk heterojunction devices, the donor and acceptor materials 
are intimately blended together to create a nanoscale phase separation throughout the active 
layer, as illustrated in Figure 1.2 (Right). The large interfacial area being formed allows most 
excitons to be generated within the exciton diffusion length from an interface, thus exciton 
dissociation in bulk heterojunctions is much better than in bilayers. In addition, the 
bicontinuous network in the intimate blend also allows for efficient charge carrier percolation 
to the electrodes, hence photocurrent generation is increased. As a result, impressive device 
efficiencies of over 9% has been achieved with a bulk heterojunction solar cell with polymer/ 
fullerene active layer blend.
11
 This thesis focuses on such bulk heterojunction blends with 
donor polymers and fullerenes as acceptor.  
 
Figure 1.2: Schematic of (Left) bilayer and (Right) bulk heterojunction solar cells. 
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1.3 Principles of operation in a bulk heterojunction solar cell 
 
Figure 1.3: Schematic of the operation of a polymer/PCBM bulk heterojunction solar cell. [Taken 
from ref
12
] 
The working processes in a polymer/fullerene bulk heterojunction device are illustrated in 
Figure 1.3. Upon photon absorption (usually by the donor), an electron is promoted to an 
excited state, forming an exciton which is tightly bounded by Coulombic interaction. When 
this exciton diffuses to a donor-acceptor interface, electron transfer can take place from the 
donor to the acceptor. Due to the low dielectric constant of organic materials, this electron 
transfer process can result in the formation of a bound polaron pair, rather than free charges 
as in inorganic semiconductors. This bound polaron pair still needs to overcome the 
Coulombic interaction in order to fully dissociate into free charge carriers or polarons. These 
polarons then need to be transported to the electrodes for photocurrent generation. Details on 
the charge photogeneration process will be addressed in the next section. 
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1.4 Charge photogeneration 
Achieving efficient charge generation has been a key challenge in OPV, due to the low 
dielectric constant of polymer (typically ε~2-4) compared to silicon (ε~12) in conventional 
inorganic PV.
13-15
 As a result, photoexcitation in OPV often generates excitons with high 
binding energy rather than free charges. In many bulk heterojunction devices, exciton 
quenching at the donor-acceptor interface can be quite efficient but still may not produce 
good photocurrent generation.
13,16
 This is frequently attributed to geminate recombination of 
the bound polaron pair after exciton quenching, which can be a significant loss mechanism 
limiting the charge generation yield.
17-20
 Hence, understanding the mechanism of charge 
photogeneration is crucial for enhancing the power conversion efficiencies of OPV devices. 
 
1.4.1 Photophysics of semiconducting polymer  
 
Figure 1.4: A Jablonski diagram showing electronic transitions in organic molecules and the 
timescales of these transitions.
21
 Wavy lines indicate non-radiative transitions, while straight lines 
indicate transitions involving photons. 
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Upon light absorption by a semiconducting polymer, the photophysical processes that follow 
are illustrated by a Jablonski diagram in Figure 1.4. When a photon of the appropriate 
wavelength is absorbed, photoexcitation from the ground state S0 to some singlet excited 
states Sn (n= 1, 2…) can occur. For the transition between S0 and S1, a range of photon 
wavelengths can be absorbed due to different vibrational levels in the excited state, as shown 
in Figure 1.5. If an electron is excited to a higher vibronic energy level (ν> 0), vibrational 
relaxation can occur rapidly to the lowest vibronic level (ν = 0) of an excited state.
22
 
Similarly, electrons at a higher lying excited state (e.g. S2) can undergo rapid internal 
conversion to the lowest lying excited state S1.The energetic separations between the excited 
states Sn are generally smaller than the separation between the lowest excited state S1 and the 
ground state S0. This gives rise to high degree of coupling between the excited states such 
that electronic transitions between the excited states are much more efficient than transitions 
to the ground state. Hence, both vibrational relaxation and internal conversion to the lowest 
singlet state S1 can occur much faster than photon emission or internal conversion to ground 
state.
21
  
Aside from non-radiative decay following photon absorption, the lowest singlet excited states 
can also return to ground state by emitting a photon, a process termed fluorescence. Due to 
vibrational relaxation and internal conversion, the photon energy being emitted is less than 
that initially absorbed. This gives rise to a red-shift in energy of the emission band relative to 
the absorption band which is known as the Stokes shift, as shown in Figure 1.5. The emission 
band also has mirror symmetry to the absorption band due to transitions from S1 to different 
vibrational levels of the ground state. Hence, the lowest energy vibronic peak in an 
absorption band and the highest energy vibronic peak in an emission band, both correspond 
to a 0-0 transition between the ground state S0 and the lowest excited state S1. As a result, the 
0-0 vibronic energies of the absorption and emission bands can give an indication of the 
optical band gap of organic semiconductor. 
Due to spin conservation, the excited state formed directly from light absorption is of singlet 
configuration with anti-parallel spin state. Intersystem crossing (ISC) is a non-radiative 
process which allows the lowest singlet state to become a triplet state with parallel spin, as 
shown in Figure 1.4. The decay of this triplet state to ground state is forbidden by the spin-
selection rules and can only take place when there is efficient spin-orbit coupling. 
Semiconducting polymers generally have weak spin-orbit coupling unless heavy elements are 
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incorporated; hence the radiative emission of triplet state via phosphorescence is a weak and 
slow process.
21,23
 Thus, such triplet states are generally longer-lived than singlet states.  
 
Figure 1.5: A diagram showing electronic transitions for absorption and emission bands. [Taken from 
ref
24
]  
 
1.4.2 Exciton quenching at donor/acceptor interface  
After the formation of a photoexcited singlet exciton, dissociation of the tightly bound 
electron-hole pair needs to take place at a donor/acceptor interface. The difference in electron 
affinities between the donor and acceptor at the interface creates a downhill driving energy 
for exciton dissociation.
25-27
 Sometimes an exciton is formed away from a donor/acceptor 
interface within the active layer blend. In such case, the exciton needs to diffuse to an 
interface before it returns to ground state, in order for exciton quenching to occur. The 
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distance which an exciton can travel before decaying to ground state is known as the exciton 
diffusion length which is an important parameter affecting charge generation in OPV.
28-33
 If 
an exciton can reach an interface within its lifetime, electron transfer can occur from the 
LUMO levels of donor to acceptor, as depicted in Figure 1.6. Alternatively, hole transfer can 
also occur from the HOMO levels of acceptor to donor when a photon is absorbed by the 
acceptor instead.
34-36
 Both the electron and hole transfer processes require sufficient energy 
offsets at the interfaces to overcome the exciton binding energy. In many polymer/fullerene 
blends, exciton quenching can be near to unity due to the presence of high interfacial area 
from intimate mixing.
16,18,37,38
 This can usually be evidenced from the high 
photoluminescence quenching efficiency in blend films compared to neat films. However, 
such electron or hole transfer processes often do not necessarily lead to dissociated free 
charge carriers due to the strong Coulombic interaction in organic semiconductor, as is 
discussed below . 
 
Figure 1.6: A schematic showing electron transfer from donor to acceptor at an interface following 
photoexcitation. [Taken from ref
13
] 
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1.4.3 Charge transfer state 
The mechanism for charge separation was originally thought to be a one step process via 
electron or hole transfer at the donor-acceptor interface. However, it has been widely reported 
that charge generation may occur through an intermediate charge transfer (CT) state after 
exciton dissociation at a donor/acceptor interface. Other nomenclatures used in the literatures 
for the CT state include bound polaron pair, geminate pair and exciplex.
19,27,38-44
 Following 
electron transfer process at an interface, the electron is localised on the acceptor LUMO 
while the hole is localised on the donor HOMO. This has been suggested to create a partially 
bounded electron-hole pair which is called a CT state herein, and is depicted in Figure 1.7. 
For such CT states, the electron and hole are spatially separated from each other compared to 
an exciton, but there is still significant mutual Coulombic attraction. Hence, this CT state can 
be considered to be an intermediate species between a tightly bounded exciton and fully 
dissociated free charges.  
 
Figure 1.7: A schematic showing the formation of a charge transfer (CT) state following exciton 
quenching at a donor/ acceptor interface. [Taken from ref
13
] 
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There have been many reports in the literature on either direct or indirect studies of the role 
of CT states in OPV.
45-47
 Direct experimental observations of the CT formation state are, 
however, rather limited due to difficulty in probing such a short-lived species. Numerous 
methods utilised to study this CT state include photoluminescence spectroscopy, 
photothermal deflection spectroscopy, ultrafast transient absorption spectroscopy and 
electroluminescence studies.
42,43,48-53
 
 
1.4.4 Charge separation 
The precise mechanisms by which efficient charge separation can occur in organic systems 
with high exciton binding energy is not yet fully understood, and hence still under active 
discussion. One of the proposed models for charge separation is illustrated in Figure 1.8, 
while the corresponding energy state diagram is shown in Figure 1.9. After the formation of 
the CT state at a donor/acceptor interface, further dissociation of the CT state is required for 
the generation of free charges. The CT state at an interface may initially be formed with 
excess thermal energy, known as a ‘hot’ CT state. Based on Onsager theory, this hot CT state 
may dissociate into free charge carriers if the electron-hole separation is greater than 
Coulomb capture radius.
54
 Otherwise, the ‘hot’ CT state would thermally relax to a lower 
energy CT state. This thermally relaxed CT state has less energy for charge dissociation and 
is more likely to undergo recombination to ground state. Alternatively, the relaxed singlet CT 
state (
1
CT) can undergo rapid spin mixing to give a triplet configuration (
3
CT) and then 
geminately recombine to form a triple exciton.
13
 The formation of triplet exciton from a CT 
state requires the triplet state to be at a lower energy than the CT state, and has been observed 
in many polymer/fullerene blends.
16,17,44,55
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Figure 1.8: A schematic showing dissociation of CT state at a donor/acceptor interface. [Adapted 
from ref
13
] 
 
 
Figure 1.9: Energy level diagram showing charge generation processes in OPV. (1) Exciton 
formation following photon absorption. (2) Charge transfer at an interface to form a CT state. (3) 
Dissociation of CT state to form charge separated (CS) state. (4) Geminate and non-geminate 
recombination of CT state and polarons. [Adapted from ref
13
] 
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For the charge separation model described here, the yield of charge generation is likely to 
depend upon kinetic competition between charge dissociation, thermalisation and 
recombination of CT state. As such, excitons (and hence CT states) with greater excess 
energy may be more efficient in overcoming the Coulombic attraction and have higher 
probability in generating free charges.
56-59
 This is consistent with a study which found that 
excitons formed directly at an interface are more likely to result in charge generation as there 
is minimal loss of thermal energy from diffusion.
19
 Since the initial energy of excitons 
formed largely depends upon the HOMO/LUMO energy offset between donor and acceptor, 
the role of driving energy for charge separation have been investigated. 
35,60,61
 Some studies 
have reported that ultrafast long-range separation or delocalisation of CT state can assist in 
charge separation;
27,56,62
 in such cases, sufficient driving energy may be important for charge 
generation as suggested by Bakulin et al
63
. Contrary to this, other studies of charge 
generation from CT states have suggested different mechanisms that enable the efficient 
generation of free charges. For instance, several studies have found that only closely 
separated CT states are initially formed,
64-66
 and that factors such as having a favourable 
morphology or fast carrier diffusion are responsible for the high efficiency of charge 
generation.
67-70
  
The role of CT states on charge photogeneration has not reached a clear consensus, despite 
the substantial literature on this topic. Several groups have reported that the dynamics of CT 
states can have significant impact on the yield of photogenerated charges.
17,27,48,56,71
 For 
example, a study by Janssen et al
72
 has found that the main energy loss for charge generation 
comes from processes associated with overcoming the CT state binding energy, although 
only minimal energy is required for CT state formation. This is consistent with the report by 
Ohkita et al
16
 which observed efficient exciton quenching for a range of polythiophenes, but 
the yield of dissociated charges varies by over two orders of magnitude. These results imply 
that the formation of CT states from exciton quenching is not the limiting factor for charge 
generation, instead, the dissociation of CT state is a determinant of photocurrent generation. 
Hence, numerous efforts to enhance CT state dissociation have been reported, for example by 
optimising the blend nanomorphology via thermal annealing and tuning the blend 
composition.
73-78
 On the other hand, several studies have reported the formation of CT states 
as a loss mechanism competing with direct ultrafast generation of mobile charge carriers, due 
to the fast recombination process of bound CT states.
79-81
 This is in line with reports 
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suggesting that ‘hot’ excitons formed with sufficiently high excess energy may be able to 
avoid CT state formation, resulting in direct generation of dissociated charges.
56,80,82
 
 
1.4.5 Geminate and non-geminate recombination 
There are two types of recombination processes that can limit the yield of charge generation - 
geminate and non-geminate recombination. Geminate recombination is a monomolecular 
process as it involves an electron and a hole that originated from the same photogenerated 
exciton. Typically, the recombination of electron and hole which are still Coulombically 
bounded in a CT state is a geminate process. In addition, charges that have dissociated but 
remain trapped in their respective domains such that the same electron and hole recombine, is 
also a monomolecular, geminate recombination. This type of recombination has been 
reported to occur on a short timescales of picoseconds to nanoseconds, and can therefore 
often compete with charge dissociation.
13,48,83-85
  
On the other hand, non-geminate recombination is a typically non-linear kinetic process that 
involves the recombination of dissociated free charge carriers that were originally from 
different excitons. As depicted in Figure 1.9, this process occurs from the charge separated 
state to the ground state, but it is also possible to proceed through the formation of CT states 
which then recombine. As non-geminate recombination requires the diffusion of charges to 
within their Coulomb capture radius, it occurs on a longer timescale than geminate 
recombination, typically nanoseconds to milliseconds.
80,86-88
 As such, the recombination 
dynamics in photophysical studies can be distinguished as either geminate or non-geminate 
from the timescale. Additionally, geminate recombination can be fitted to a monomolecular 
(exponential) decay function, while non-geminate recombination follows a power law decay 
function and is reportedly affected by the presence of charge trapping.
16,87,89,90
  Loss in 
photocurrent generation due to non-geminate recombination often occurs when there is a lack 
of optimum percolation pathway for charge collection at the electrodes, such as when the 
donor and acceptor are too finely mixed together.
75,91
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1.5 Current-voltage characteristic in devices 
The performance of a photovoltaic device is based on its ability to convert incident light into 
electric current, and is typically assessed with a current-voltage (J-V) curve. The J-V curve is 
obtained with light intensity at 1 sun illumination (AM1.5) using a solar simulator.  As shown 
in Figure 1.10, various parameters such as open circuit voltage (VOC) short circuit current 
(JSC) and fill factor (FF) can contribute towards the power conversion efficiency (PCE) of a 
photovoltaic device. 
 
Figure 1.10: A typical current-voltage curve for assessing the performance of photovoltaic devices. 
[Taken from ref
2
 ] 
In a working device, PCE is the key parameter defining the performance of a photovoltaic 
device and is determined from: 
                                     
          
   
                                                     
where PIN is the incident light power. 
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 JSC is the current generated when there is no potential difference between the electrodes, 
while VOC is the maximum voltage available at zero current. JM and VM are the current and 
voltage at maximum power point respectively, as shown in Figure 1.10. The fill factor FF is 
then given by the ratio between maximum power output PMAX (JM × VM as shown by the 
shaded region in Figure 1.10) and the product of JSC and VOC: 
   
    
       
                                                           
The value of the fill factor reflects how close a device performance is to an ideal device. The 
fill factor is usually limited by charge recombination and resistive losses in the device.  
Another parameter that is also important to device performance is quantum efficiency. The 
external quantum efficiency (EQE) is defined as the ratio of number of charge carriers being 
collected by the electrodes to the number of incident photons at a particular wavelength. On 
the other hand, internal quantum efficiency (IQE) refers to the ratio of charge carriers being 
collected by the electrodes to the numbers of photons being absorbed. The EQE depends on 
both light absorption and charge collection, and is therefore always lower in value than the 
IQE. 
 
1.6 Overview of stability in organic solar cells 
In order to achieve commercial viability, both the efficiency and stability of OPV are 
important research areas. With much progress in enhancing the device efficiency, stability is 
now a crucial issue for the development of OPV. Over recent years, the lifetime of OPV has 
greatly improved from a matter of minutes to thousands of hours.
92,93
 For well-encapsulated 
devices under controlled temperature conditions, the lifetime is estimated to reach up to 5-10 
years.
92,94,95
 These devices are mainly encapsulated with glass, which is very effective in 
blocking out ambient air but has the disadvantages of being bulky and inflexible. The extent 
of encapsulation for flexible plastic solar cells is thus more limited, and such device lifetimes 
are likely to be less than for glass-encapsulated devices. In addition, the presence of thermal 
stress during outdoor exposure can further decrease the device operating lifetimes regardless 
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of encapsulation. Overall, the stability of OPV is still significantly poorer than conventional 
silicon PV which typically exhibits over 25 years of operating lifetime.
96
  
As encapsulation can be relatively costly, it is important to enhance the intrinsic stability of 
OPV materials and devices. This not only reduces the need for costly encapsulation; the 
operating lifetime could also be prolonged when encapsulation fails. A typical bulk 
heterojunction solar cell has several layers, consisting of a transparent ITO electrode (anode), 
a hole conducting layer (PEDOT:PSS), an active layer blend, and a metal electrode (cathode).  
These layers can undergo different degradation processes depending on environmental factors 
such as humidity and oxygen, as illustrated in Figure 1.11.  
In a conventional OPV device, the metal (e.g. aluminium) cathode can easily undergo 
oxidation in the presence oxygen and water to form metal oxides which are electrically 
insulating. 
92,97
 The widely used hole transporting layer, PEDOT:PSS is commonly 
incorporated to enhance contact with the transparent ITO anode. However, PEDOT:PSS is 
also highly reactive with oxygen and water, and can easily corrode the anode layer due to its 
acidic and hygroscopic nature. 
92,97
 These degradation processes at the cathode, anode and 
hole conducting layer can hinder charge collection and result in deteriorating device 
performance. In addition, the active layer, which is made up of organic donor and acceptor 
blends, can undergo both morphological and photochemical degradation. Long period of heat 
exposure from the sun can change the sensitive blend nanomorphology, which may directly 
affect charge generation and transport.
98
 On the other hand, the photochemical stability of the 
organic layer is most susceptible to oxygen in ambient air. One focus of this thesis is the 
photochemical stability of the organic donor polymers and in blends with fullerene acceptor, 
which will be elaborated in the next section. 
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Figure 1.11: A schematic of the cross section of a typical bulk heterojunction organic solar cell, 
showing some degradation processes. [Taken from ref
97
] 
 
1.6.1 Photochemical stability of the active layer 
Chemical degradation of the active layer is most pronounced under the presence of oxygen 
and light. While humidity may enhance photodegradation in ambient air, it has been reported 
that there is minimal impact on the organic layer in the absence of oxygen.
99
 Therefore, 
oxygen-induced photodegradation is the main concern for the photochemical stability of the 
active layer.  
Oxygen induced photodegradation of semiconducting polymers can be reversible or 
irreversible as initially reported by Abdou et al
100
 and Lüer et al
101
. Several groups have since 
then assigned the reversible photochemical reaction observed from fluorescence quenching of 
polythiophenes to the formation of a weak polymer-oxygen charge transfer complex 
(CTC).
99,102-104
 The formation of this CTC via photodoping has been reported to reduce 
charge carrier mobility in P3HT/PCBM devices and can result in losses of JSC.
102,105
 This 
process is observed to be reversible upon annealing under vacuum and the loss in JSC can be 
recovered.
102,104
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Another oxygen-induced degradation process in the photoactive layer is photo-oxidation. The 
active layer degradation by photo-oxidation is often observed from the irreversible 
fluorescence quenching and photobleaching of ground state absorption.
99-101,103
 This 
irreversible degradation pathway can be induced by singlet oxygen. Highly reactive singlet 
oxygen can be generated from the sensitisation of triplet excitons and potentially from the 
dissociation of CTC.
97,100,106-108
 Studies of singlet oxygen generation from the earlier 
mechanism are presented later in this thesis. In addition, another reactive species that can also 
cause photo-oxidation of the active layer is the superoxide radical anion, which is less well 
understood than singlet oxygen.
109,110
 Photo-oxidation of the active layer has been found to 
enhance the formation of deeper traps which can hinder charge transport, and leads to 
deterioration of device performance.
102,105,111
  
In recent years, a large numbers of new polymers have been synthesised for improving device 
efficiency, with little consideration for their photochemical stability. Despite the high 
efficiency achieved with numerous polymers, those polymers with poor photochemical 
stability would require costly encapsulation if utilised for large scale application. It is, 
therefore, important to establish design rules for polymers that are less susceptible towards 
photo-oxidation. A notable study by Manceau et al
112
 compared the photochemical stability 
for a systematic and wide range of semiconducting polymers. Through this study, several 
parameters in terms of chemical structures that may undergo faster rates of photo-oxidation 
have been identified. For instance, the presence of readily cleavable bonds such as C-N, C-O 
and exocyclic double bonds (eg. MDMO-PPV) can lead to poor stability. Moreover, moieties 
with quaternary sites have been suggested to be unstable due to the high oxidasibility of such 
sites.
113-115
 Although side chains are essential for the solubility of materials, they can also be 
a key degradation site.
116-118
 Hence, thermal cleavage of side chains has been shown to 
greatly improve photochemical stability.
112,119
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1.7 Donor-acceptor polymers and fullerenes  
In the past decade, significant progress in OPV efficiency/stability has been made since the 
development of regioregular poly(3-hexylthiophene) (P3HT). P3HT is still the most widely 
studied donor polymer for OPV applications, with a good power conversion efficiency of up 
to 5%.
120,121
 However, the large band gap (~1.9 eV) of P3HT limits light absorption to below 
650 nm, where only 22.4% of the total photons can be harvested.
122
 Hence, there is a need to 
develop new, low band gap polymers with better spectral overlap with the solar irradiation.  
A popular approach to lower the optical band gap of semiconducting polymers is by having 
electron-rich and electron-poor moieties fused together in the polymer backbone. This class 
of polymers is known as donor-acceptor polymers. The flexibility in synthesis with different 
combinations of electron-rich and electron poor moieties allows fine tuning of the electronic 
energy levels (HOMO and LUMO); hence lower optical band gaps can be achieved in donor-
acceptor polymers. In addition, the alternating electron-rich and electron-poor moieties can 
create a ‘push-pull’ effect for intramolecular charge transfer. It has been suggested that such 
internal charge transfer transition in donor-acceptor polymers may facilitate charge 
photogeneration in polymer/fullerene blend films.
60,123
 
One of the first donor-acceptor polymers that has shown good performance in OPV is 
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT).
124
 PCPDTBT has  low optical band gap of 1.45 eV which 
enables high photocurrent generation; thus the optimised device efficiency has reached 
around 6%.
125
 A series of newly developed donor-acceptor polymers that incorporate 
diketopyrrolopyrrole (DPP) as the electron-poor moiety, have also received much 
attention.
126,127
 These DPP polymers typically exhibit good molecular ordering in films and 
high charge mobilities, resulting in up to 8% device efficiency.
128
 Currently, a state-of-the-art 
single heterojunction OPV device with poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno[3,4-b]thiophenediyl]] 
(PTB7) has shown excellent power conversion efficiencies of over 9%.
11
 The chemical 
structures of these high performing donor-acceptor polymers are shown in Figure 1.12. In this 
thesis, PTB7 and several derivatives of DPP polymers are among the wide range of polymers 
employed for various studies. 
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Figure 1.12: Three examples of high performing donor-acceptor polymers in the literature: 
PCPDTBT, PTB7 and PDPP3TaltTPT. 
Fullerene derivatives are the most promising electron acceptors for polymer-based PVs. 
Many of the record breaking device efficiencies involved donor-acceptor polymers blended 
with fullerenes. Some examples of fullerene derivatives used in OPVs are shown in Figure 
1.13. PCBM ([6,6]-phenyl-C61 butyric acid methyl ester), a C60 derivative, is widely used in 
OPVs due to its high solubility and ability to form appropriate blend morphology for good 
charge transport. However, one drawback of PCBM is its weak light absorption, which limits 
light harvesting in OPV devices. An analogue of PCBM, PC71BM has stronger light 
absorption in the visible region and hence more superior device performance. Due to the high 
electron affinity of both PCBM and PC71BM, the low LUMO level results in lower device 
VOC. Hence, alternative electron acceptor materials have been developed with new fullerene 
derivatives.
129-131
 One such derivative is ICBA which has higher LUMO level than PCBM 
and PC71BM by 0.17 eV, resulting in enhanced device efficiency with P3HT/ICBA blends.
121
 
However, most alternative acceptors have significantly poorer performance than PCBM and 
PC71BM in polymer-based PVs. Therefore, PCBM and PC71BM are employed as acceptor 
materials in these thesis studies. 
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Figure 1.13: Three fullerene derivatives commonly used as acceptors in OPVs: ICBA, PCBM and 
PC71BM. 
 
1.8 Aims and objectives of thesis  
This thesis focuses on charge photogeneration and photochemical stability in 
polymer/fullerene solar cells. A wide range of promising donor polymers are employed; these 
donor polymers are mainly of donor-acceptor type as the synthetic flexibility allows tuning 
for the desired electronic properties. Various polymer characterization, photophysical and 
photochemical stability studies are performed on neat polymer films and blend films with 
fullerenes. The techniques used for these studies include absorption and photoluminescence 
spectroscopy, wide-angled x-ray diffraction (WAXD) and transient absorption spectroscopy 
(TAS). An important objective is to establish relationships between polymer 
structures/properties and device function/stability. Ultimately, the aim of this thesis is to 
provide guidelines for rational design of new polymers that are highly efficient and stable in 
organic solar cells. All the material structures and techniques involved are given in Chapter 2. 
The characterisation of neat polymer films and their photophysical properties are detailed in 
Chapter 3. The relative crystallinities of these polymer films are assayed using wide-angle x-
ray diffraction measurements. Photophysical properties of the neat polymer films are studied 
using steady state and transient absorption spectroscopy. From steady state spectroscopy, the 
absorption and emission properties, and hence Stokes shift of the polymer films, can be 
determined. Transient photophysical studies are employed to deduce the photophysics of 
polymer triplet states and their quenching dynamics in oxygen. These photophysical 
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properties are correlated to the relative film crystallinity. The origin and implications of these 
correlations in neat films will also be discussed in relation to the role of triplet state in OPV. 
The study of the photochemical stability of neat and blend films are addressed in Chapter 4 
and 5. Accelerated ageing of these films is conducted under white light illumination and pure 
oxygen atmosphere. The rate of photochemical degradation in the neat and blend films are 
determined from photobleaching of the steady state absorption. The effect of various 
properties in neat films such as triplet photophysics, relative crystallinity and polymer energy 
levels are then compared to their relative photochemical stability in Chapter 4. These results 
are analysed in terms of possible photodegradation pathways with some discussion on 
structural effects. The relative stabilities in blend films are also considered in parallel to 
working devices employing these blends. In Chapter 5, the mechanism of the 
photodegradation pathway via triplet mediated singlet oxygen generation is investigated with 
a molecular singlet oxygen probe. Two donor polymers, PTB7 and DPP-TT-T, in both neat 
and blend films, are used in the study due to their contrasting photochemical stability. The 
rate of singlet oxygen generation in these films can be monitored from photoluminescence 
intensity of the molecular probe, and the results are correlated with the film photophysics. 
The dominant photodegradation pathway in these polymers will also be detailed.  
In Chapter 6, the compositional dependence of charge generation in polymer/fullerene blend 
films is investigated. Detailed transient absorption studies in blend films with various PCBM 
loadings are conducted on two polymers of different film crystallinity- PCDTBT and DPP-T-
TT. The change in charge generation yield as a function of PCBM compositions with both 
polymers is analysed. Charge photogeneration in blend films can proceed via electron or hole 
transfer pathways and the efficiency of either pathway is addressed with regard to the relative 
energy levels between donor and acceptor. Furthermore, the charge generation yields as 
estimated from TAS are correlated to the driving energy for charge separation in blend films 
with donor-acceptor polymers. The reliability of TAS in predicting charge generation is also 
assessed by comparing the estimated polaron yields to device photocurrent. 
Finally, all significant results from Chapters 3-6 are summarised in Chapter 7 and the 
implications of these results on the development of OPVs are discussed. Some future 
investigations regarding charge generation and stability have also been suggested. 
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Chapter 2: Experimental techniques  
 
This chapter details the materials and experimental techniques used throughout this thesis for 
characterisation, photophysical study and photochemical stability measurement. 
 
2.1 Materials 
2.2 Film and device fabrication 
2.3 Steady state absorption spectroscopy 
2.4 Steady state photoluminescence (PL) spectroscopy 
2.5 Wide-angle x-ray diffraction (WAXD)      
2.6 Transient absorption spectroscopy (TAS) 
2.7 Current-voltage device characterisation 
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2.1 Materials 
The chemical structures for all the donor polymers and fullerene acceptors used throughout 
this thesis are shown in Figure 2.1. Regioregular P3HT (Rr-P3HT) was purchased from 
Merck while regiorandom P3HT (Ra-P3HT) was from Sigma Aldrich, and both were used as 
received. Both PCDTBT and PTB7 were purchased from 1-Material and purified before use. 
Purification was carried out with soxhlet extraction by Shahid Ashraf, whereby the polymers 
were extracted with acetone, n-hexane and diethylether (each 12-24 hours). Then the 
polymers were extracted with chloroform (chloroform solution was concentrated and 
precipitated in methanol), filtered and re-dissolved in chloroform and precipitated again in 
methanol. Finally, the polymers were filtered and dried for two days under high vacuum. The 
rest of the donor polymers shown in Figure 2.1 were synthesised by Iain McCulloch, Martin 
Heeney, and co-workers (Shahid Ashraf
1-3
, Hugo Bronstein
4,5
, Bob Schroeder
1
, Weimin 
Zhang
6
, Fei Zhuping
7
 and Laure Biniek) at Imperial College London. Both the fullerene 
acceptors, PC61BM and PC71BM, were obtained from Solenne and used as received. 
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Figure 2.1: Chemical structures of conjugated polymers and fullerenes used in this thesis. 
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2.2 Film and device fabrication 
Solutions were prepared with solvents such as chloroform, chlorobenzene and 
dichlorobenzene (all from Sigma Aldrich) at the stated concentrations in each chapter. For 
blend solutions, the polymer/fullerene ratios were chosen from the optimum device 
performances, and also specified in the following chapters. All solutions were stirred and 
heated on a hotplate at ~50 
o
C overnight (except for chloroform solutions which were not 
heated due to the low boiling point).   
Films were prepared by spin coating the solutions onto 1 cm
2
 VWR glass substrates. All the 
glass substrates were cleaned beforehand by sonication in acetone and isopropanol for 15 
minutes successively, followed by drying with nitrogen gas. The films were typically spun at 
1500-3000 rpm for 1 minute with a spin coater from Laurell Technologies Corporation, 
WS400A-6NPP Lite.  
For wide-angle x-ray diffraction, the films were prepared by drop casting instead, in order to 
achieve thicker films (several microns) for higher diffraction intensity. Drop casting was 
done by completely covering a 1 cm x 2 cm glass substrate with the solution, and left to dry 
overnight at room temperature.  
Devices were fabricated in a cleanroom by Pabitra Shakya Tuladhar, Huang Zhenggang, 
Shahid Ashraf and Nurlan Tokmoldin, following a conventional device architecture glass / 
ITO / PEDOT:PSS / Active layer / Al. The ITO glass substrate of 1 cm
2
 (Psiotech Ltd) was 
firstly cleaned as described for the film. PEDOT:PSS (H.C. Starck) was then spin coated onto 
the substrate and thermally dried, followed by spin coating of the blend solution. The 
aluminium electrode was then deposited by thermal evaporation in vacuo. 
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2.3 Steady state absorption spectroscopy 
Uv-visible absorption spectroscopy is an essential characterisation technique that measures 
light absorption of solutions or thin films for wavelengths ranging from 300 – 1000 nm. The 
absorbance, A is defined by Beer-Lambert law: 
                                                                                                                        (Eq. 2.1) 
where I is the transmitted light intensity and I0 is the incident light intensity.  
From the absorption spectra, information on the optical band gap of organic compounds can 
be obtained, as light absorption results in electronic transitions from ground state to singlet 
excited state. The degree of molecular aggregation and polymer conjugation length can also 
be assessed from the absorption energy and vibronic structure of the spectra. Furthermore, 
absorption strength of the spectra can be used to normalise for the amount of photons being 
absorbed in different films and at different wavelengths, which is particularly useful for the 
analysis of transient optical data. In this thesis, steady state absorption spectra of the films 
were conducted in air, using a UV-1601 Shimadzu Uv-vis spectrometer at a fast scan rate of 
1 nm intervals. 
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2.4 Steady state photoluminescence (PL) spectroscopy 
Photoluminescence spectroscopy is used to monitor radiative emission from the excited state 
to ground state after light absorption. When PL spectroscopy is used in conjunction with uv-
visible absorption spectroscopy, a more accurate estimation of optical band gap can be 
deduced and Stokes shift between absorption and emission wavelengths can also be 
determined. In addition, a comparison of the PL intensities between neat and blend films can 
be used to estimate the fraction of excited states that decay non-radiatively. This 
photoluminescence quenching (PLQ) is an indication of the efficiency of photogenerated 
excitons being quenched at donor/ acceptor interface, and is defined by: 
                                                                         (Eq. 2.2) 
where PLNEAT and PLBLEND are photoluminescence intensities of the neat and blend films 
respectively. 
Steady state PL measurements were obtained with a Fluorolog spectrometer (Horiba Jobin 
Yvon), following excitation at the ground state absorption maxima of each film. For emission 
up to 800 nm, the measurements were conducted at room temperature. For lower band gap 
polymers where the emissions extend into the infra-red region, a more sensitive detector was 
used. Due to the weak emission of such low band gap polymers, the detector was cooled to 
below 100 K with liquid nitrogen in order to minimise background noise signals. 
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2.5 Wide-angle x-ray diffraction (WAXD)      
Wide-angle x-ray diffraction (WAXD) is a material characterisation technique which can 
probe interatomic distances and can be used to investigate molecular ordering in a solid-state 
structure.  The basic theory behind x-ray diffraction is Bragg’s Law, as stated in equation 2.3 
and illustrated in Figure 2.2. The monochromatic x-ray beams that are diffracted by adjacent 
planes will only undergo constructive interference when the distance between the planes vary 
by integer multiples of the x-ray wavelength. 
                                                                                                                          (Eq. 2.3) 
where n is an integer, λ is the wavelength of incident x-ray beam, d is the spacing between 
adjacent planes, and ϴ is the angle between incident x-ray beam and the scattering planes. 
 
Figure 2.2: A schematic illustration of Bragg’s Law for diffraction. 
WAXD measurements in this thesis were carried out with a PANALYTICAL X’PERT-PRO 
MRD diffractometer equipped with a nickel-filtered Cu Kα1 beam (λ = 1.54 Å)and X’ 
CELERATOR detector, using current I = 40 mA and accelerating voltage U = 40 kv. Neat 
and blend films for WAXD measurements were prepared by drop casting ~0.25 ml of 
solutions onto 2 cm x 1 cm substrates and left to dry overnight at room temperature. These 
drop casted films are typically a few microns in thickness. Spin coated films were not used as 
they are too thin to provide resolvable diffraction peaks from the generally less ordered 
polymer films. 
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The WAXD setup used here only allows determination of ordering in the out-of-plane 
direction. This limitation is, however, of less concern for materials used in OPV devices 
(compared to organic transistors) as the photogenerated charge carriers move out-of-plane 
towards the electrodes. Our WAXD plots are presented as a function of scattering vector, q, 
for easier determination of d-spacing from       .  
  (
  
 
)                                                                      
for a given scattering angle 2ϴ and x-ray wavelength λ. 
 
  
58 
 
2.6 Transient absorption spectroscopy (TAS) 
Transient absorption spectroscopy is a pump-probe technique used to study the photophysics 
of neat and blend films. After laser excitation on a film, the transmission of a probe light 
through the film is detected by a photodiode, and the change in optical density (ΔOD) 
induced by absorption of the photogenerated species can be monitored as a function of 
wavelength or time. The photogenerated species can then be identified from both the transient 
absorption spectra (ΔOD vs λ) and transient decay kinetics (ΔOD vs time) of the film.  
The optical density, OD measured here is analogous to the absorbance, A as defined by the 
Beer-Lambert law in equation 2.1. Therefore, OD is related to the transmittance of light, T 
by: 
                                                                    
                                                                                                               
and the change in optical density, ΔOD can then be described by: 
  
 
 
           
     
 
                   
         
                                 
As ΔOD is a very small value, ΔT/T can be approximated to: 
  
 
                                                              
Therefore,  
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Figure 2.3: A schematic showing the setup of microsecond TAS system.  
The transient absorption system employed in this thesis can monitor kinetics from timescale 
ranging from ~10
-7
 to milliseconds. A setup of the microsecond TAS system is illustrated in 
Figure 2.3. The laser pulse used to excite a sample film was pumped by a Nd:YAG laser with 
an optical parametric oscillator (Oppolette). Each laser pulse has time duration of 20 ns with 
and a pulse repetition rate of 20 Hz. This pump pulse was then focussed onto the sample film 
in a quartz cuvette using a light guide. The pump intensity from the light guide was measured 
with a Coherent energy meter, and can be altered with neutral density filters for typically 
used range of 0.5 µJcm
-2
 to 70 µJcm
-2
.  The probe light was provided by a 100 W halogen 
lamp (Bentham, IL 1) with a stabilised power supply (Bentham, 605). The probe light first 
passed through a monochromator for selection of probe wavelength and then through a 
second monochromator to minimise any emission or laser scatter from reaching the silicon 
photodiode detector (Hamamatsu Photonics, S1722-01). The signals from the dectector was 
preamplified, then recorded by a digital oscilloscope (Tektronics, TDS220) and sent to the 
computer.  
The transient absorption studies herein typically employs laser pump wavelengths at around 
the ground state absorption maxima of the films. Transient absorption spectra were then 
recorded as a function of wavelengths at a specific time to measure the absorption of 
photoexcited species. Then decay kinetics over several microseconds were probed at the 
wavelengths of the photoinduced absorption maxima, in order to identify the photoexcited 
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species being formed. On the slow microsecond timescale, non-geminate recombination of 
dissociated charges, as well as decay of long-lived triplet excitons were typically being 
observed. Most of the measurements were taken under inert atmosphere by constantly 
purging the sample cuvette with dry nitrogen, unless stated otherwise. Measurements were 
sometimes taken under oxygen atmosphere instead, to verify the photoexcited species being 
present, as triplet excitons can be rapidly quenched by molecular oxygen.                 
 
2.7 Current-voltage device characterisation 
A most commonly used approach in assessing the performance of photovoltaic devices is 
from current-voltage (J-V) characteristics. The J-V curve is obtained from measuring the 
current densities that pass through the device when applied bias voltages are applied between 
the electrodes. From the J-V curve, important parameters such as Jsc, Voc, fill factor and 
PCE can be determined. 
J-V curves were obtained using a Sciencetech solar simulator based on a filtered 300 W 
xenon lamp. Light intensity was calibrated with a silicon photodiode for AM 1.5 solar 
illumination at 100 mWcm
-2
. The devices were placed in a glass lid sample chamber with 
nitrogen atmosphere. A Keithley 237 source meter then applied an external bias ranging from 
-1 V to 1 V, and the current density as a function of voltage characteristics were measured 
with a computer.  
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Chapter 3: Polymer crystallinity as a 
determinant of triplet dynamics and 
oxygen quenching in neat polymer films 
 
The development of new donor polymers for OPV applications is often based on empirical 
comparisons of device performance. Therefore, it is important to investigate the properties of 
these donor polymers and establish relationships between the chemical structure and material 
performance, in order to provide feedback to the synthetic chemists for polymer design with 
the desired optoelectronic properties. This chapter addresses one specific aspect of the 
polymer function – its triplet state photophysics. Such triplet states are of potential 
importance both to device efficiency and stability. 
This chapter will start with a characterisation of the steady state spectroscopy for a series of 
neat conjugated donor polymer films, followed by photophysical studies of triplet excitons in 
these polymers, and their quenching by molecular oxygen. These photophysics were assayed 
by transient absorption spectroscopy, and correlated with wide-angle x-ray diffraction 
(WAXD) measurements of relative material crystallinity. Eleven different donor polymers 
are considered, including representatives from several classes of donor polymers recently 
developed for organic solar cell applications. Triplet lifetimes in an inert (nitrogen) 
atmosphere ranged from < 100 ns to 5 s. A remarkably quantitative correlation was 
observed between these triplet lifetimes and polymer WAXD strength, where more 
crystalline polymers are found to exhibit shorter triplet lifetimes. Given the broad range of 
polymers considered, this correlation indicates that material crystallinity is the dominant 
factor determining triplet lifetime for the polymers studied herein. The rate constant for 
oxygen quenching of these triplet states, determined from comparison of transient absorption 
data under inert and oxygen atmospheres, also showed a correlation with material 
crystallinity. Overall these dependencies result in a strong increase in the yield of oxygen 
quenching of polymer triplet states as the crystallinity of the polymer is reduced. These 
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results are discussed in terms of the likely origin of the correlations between triplet 
photophysics and material crystallinity, and their implications for OPV device function. 
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3.  Polymer crystallinity as a determinant of triplet dynamics and oxygen quenching in 
neat films 
 3.1 Introduction 
 3.2 Experimental details 
 3.3 Results 
3.3.1 Characterisation of neat polymer films 
 3.3.1a Wide-angle x-ray diffraction data 
 3.3.1b Ground state absorption and photoluminescence spectra  
 3.3.1c Stokes shift vs crystallinity 
3.3.2 Transient absorption study of neat polymer films 
  3.3.3 Triplet photophysics vs crystallinity 
  3.3.4 Rate contant and yield of oxygen quenching vs crystallinity 
 3.4 Discussion 
3.5 Conclusions                                                                                                                                                       
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3.1 Introduction 
Triplet excitons can have profound impact upon the performance of many organic electronic 
devices including organic light-emitting diodes (OLEDs) and photovoltaic devices (OPVs). 
In fluorescent OLEDs, charge recombination can lead to the formation of a high  yield of 
triplet states, since spin statistics indicate that triplet formation is three times more probable 
than singlet formation.
1
 However, the formation of triplet excitons can reduce device 
photoluminescence efficiency, as the decay of triplet excitons is primarily non-radiative. In 
order to push the theoretical limit imposed by spin statistics, phosphorescent molecules have 
been employed to harness the high triplet yield for near 100% internal quantum efficiency. 
Triplet-triplet annihilation is, however, found to be a significant loss mechanism in such 
phosphorescent OLEDs, resulting in quantum efficiency roll-off at high current densities. In 
OPV devices, triplet formation has been suggested to be a loss mechanism that limits the 
device photocurrent, as charge recombination to triplet excitons may compete with charge 
photogeneration.
2-5
 On the other hand, the longer exciton diffusion lengths of triplet excitons 
may also facilitate photoinduced charge separation, as triplet excitons typically have longer 
lifetimes than singlet excitons.
6
 Indeed, there have been considerable attempts to utilise the 
longer diffusion length of triplet excitons to reduce the nanomorphology requirement in 
donor /acceptor films for organic solar cells.
7-9
 Recent studies have also shown the possibility 
of doubling internal quantum yields by creating two triplet excitons from each singlet exciton 
via a singlet-triplet fission process.
10-12
 This is analogous to the multiple exciton generation 
demonstrated in inorganic photovoltaic devices.
13,14
 Other than the impact of triplet states on 
device efficiency, triplet excitons may also play a role on the photochemical stability of 
organic materials.
15-17
 Such triplets may be generated either by direct intersystem crossing 
from singlet excitons or by charge recombination analogous to that occurring in OLEDs.
9,23
 
Hence, predicting and controlling triplet dynamics is of significant impact to the development 
of organic electronics. In this chapter, the triplet exciton decay dynamics are reported for a 
broad range of polymers recently developed for OPV applications, and these triplet dynamics 
and the efficiency of their quenching by molecular oxygen demonstrate strong correlations 
with polymer crystallinity. 
The decay of triplet states can occur either radiatively via phosphorescence or non-
radiatively. As phosphorescence is a rather slow process for most polymers, triplet states in 
conjugated polymers are more likely to decay via a faster non-radiative process at room 
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temperature.
18,19
 A number of non-radiative processes can lead to the decay of triplet states 
under inert atmosphere such as intersystem crossing, triplet-triplet annihilation and self-
quenching.
20
 Triplet-triplet annihilation is a bimolecular process which can be distinguished 
by the fitting of second-order decay function, and is more likely to occur when high yields of 
triplet exciton are present, while self-quenching is expected to be more efficient in solution 
than in solid-state due to greatly reduced collisional processes in a rigid medium.
20-23
 
Therefore, the major non-radiative decay process under inert atmosphere and at low 
excitation density, is likely a monomolecular process via intersystem crossing from the 
lowest triplet state to singlet ground state. Note that under ambient air, additional triplet 
quenching processes such as energy transfer or electron transfer to molecular oxygen can also 
occur. 
Techniques such as time-resolved electron paramagnetic resonance, optically detected 
magnetic resonance and photomodulation spectroscopy have previously been employed to 
study the photophysics of triplet states in conjugated polymers.
24-27
 These studies of triplet 
photophysics in solid state films were usually conducted with high excitation energies to 
produce a sufficiently good triplet signal, and under low temperatures (below 100 K) to 
enhance the triplet lifetime. However, low temperature conditions are less relevant to 
practical device applications, while high excitation densities typically invoke bimolecular 
triplet-triplet annihilation processes, rather than the monomolecular decay of triplet states 
normally of most relevance for solar irradiation conditions. Furthermore, most of the early 
studies on polymer triplet photophysics have focused on conjugated polymers developed for 
OLED applications, whereas studies of triplet photophysics on polymers for OPV application 
have been relatively limited to date.
28
 This chapter reports the use of transient absorption 
spectroscopy (TAS) for the determination of monomolecular triplet decay dynamics in 
conjugated polymers at room temperature and low excitation intensity, which is closer to the 
normal operating condition of OPV devices. The high sensitivity of our TAS system enables 
the detection of transient signals at low laser intensities (~1-3 µJcm
-2
), which ensures that 
contributions from triplet-triplet annihilation are excluded. The presence of triplet states can 
further be confirmed from the quenching of monoexponential decay kinetics under the 
presence of oxygen.
29
 
The crystallinity of donor polymers is known to affect the morphology of OPV and OLED 
active layers, their charge transport and other functional properties, and hence device 
67 
 
performance.
30-34
 However, the relationship between polymers’ crystallinity and its triplet 
exciton dynamics has not been significantly explored in the literature, with only limited 
studies on single materials. Studies on α-oligothiophenes with different conjugation lengths 
have been reported to influence the triplet photophysics.
18,20
 Furthermore, Cadby et al
35
 have 
observed significantly lower yield of triplet excitons in thermally annealed poly(9,9-
dioctyl)fluorene (PFO) films compared to the unannealed PFO films, whilst Ohkita et al.
4
 
have observed the presence of triplet states in amorphous polythiophene films but not in the 
more crystalline ones. Therefore, a comparative study between triplet photophysics and 
relative material crystallinity for a broad range of polymers can potentially bring about 
additional design rules that may govern some aspects of device function.   
This chapter is about the relationship between intrinsic properties of polymers and their 
photophysical properties in solid state films. A broad range of polymers (see Figure 2.1 and 
Table 3.1), mainly of donor-acceptor type which have recently been developed for OPV 
applications are employed in this study. Firstly, various characterisation techniques such as 
wide-angle x-ray diffraction, ground state absorption and photoluminescence spectroscopy 
are used to investigate the properties of these polymers in neat films. The photophysics of 
these neat films including triplet dynamics are then measured using TAS under both nitrogen 
and oxygen atmospheres, and correlated with polymer crystallinity as evaluated from XRD 
data. 
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3.2 Experimental details 
Solutions for films were prepared with dichlorobenzene at 18 mg/ml for GeIDT-BT, SiIDT-
BT, IDT-BT and IF8TBTT; with chlorobenzene at 12 mg/ml for Rr-P3HT, Ra-P3HT, 
APFO3 and DPPT-TT; and with chloroform at 10 mg/ml for PCDTBT and DPPTT-T. For 
PTB7 films, solutions were prepared with a mixture of 97% chlorobenzene and 3% 1,8-
diodoctane at ~15mg/ml. The choice of solvents were as used in the optimised blend 
photovoltaic devices. The solutions were heated on a hot plate at ~50 
o
C (except for 
chloroform solutions) and stirred continuously overnight to ensure complete dissolution. All 
polymer films were then fabricated by spin coating the solutions onto glass substrates at 
2000-3000 rpm for 1 minute. Details on film fabrication are shown in Chapter 2. 
Samples for wide-angle x-ray diffraction (WAXD) measurements were prepared by drop 
casting ~0.25 ml of solutions onto 2 cm x 1 cm substrates and left to dry at room temperature. 
Note that spin coated films are too thin to observe the weak diffraction peak of polymers. 
Time-correlated single-photon counting (TCSPC) technique was used in this chapter to 
measure the singlet emission decay lifetime. Jobin Yvon IBH Fluorocube laser system was 
used to excite the spin coated films at either 467 nm or 635 nm (depending on PL maximum) 
with a pulse repetition rate of 1 MHz and each pulse has FWHM of 200 ps (IBH 
NanoLED).The emission photon is then detected by a photomultiplier tube (Hamamatsu 
R3809U) at right-angle to the excitation pulse. The amplified signal is then passed through a 
monochromator and then sent to a time-to-amplitude converter, TAC (Tennelec TC864). 
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Table 3.1. The pump and probe wavelengths used in TAS studies. 
Polymers Pump λ
a
 
(nm) 
Probe λ
b
 
(nm) 
Ra-P3HT 440 980 
GeIDT-BT 640 1050 
IF8TBTT 520 980 
APFO3 550 980 
PCDTBT 560 980 
PTB7 630 1200 
SiIDT-BT 640 980 
IDT-BT 660 1120 
DPPTT-T 650 1120 
DPPT-TT 700 1140 
Rr-P3HT 540 980 
c. Excitation wavelengths used in transient study, approximately at the ground state 
absorption maximum. d. Probe wavelength used in transient study, which is around the 
maximum of transient absorption spectrum. 
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3.3 Results  
3.3.1 Characterisation of neat polymer films  
As mentioned earlier, an objective of this thesis is to establish a link between polymer 
properties and device functions. Hence, polymer characterisations are essential for 
preliminary studies of new polymers in order to determine whether the properties are suitable 
and desirable for OPV device application. These intrinsic properties of polymers are also 
necessary for carrying out and understanding detailed photophysical studies. For the range of 
polymers studied herein, the relative fractional crystallinity of each polymer is determined 
from wide-angle x-ray diffraction measurement. In addition, ground state absorption and 
photoluminescence spectra are obtained for all the polymers; properties such as polymer band 
gaps and Stokes shift are then inferred from these spectra. A summary of the characterisation 
data are listed in Table 3.2 and the details will be presented in the following section. 
Table 3.2. Characterisations of neat polymer films. 
Polymers Lamellar
 a
 
diffraction 
π-π 
a
 
diffraction 
Abs λb 
 (nm) 
PL λb 
(nm) 
Stokes 
shift
 
(nm) 
Es
 c
 
(eV) 
Ra-P3HT 82 80 444 607 163 2.3 
GeIDT-BT 53 180 643 703 60 1.8 
IF8TBTT 96 192 540 669 129 2.0 
APFO3 120 235 560 693 133 2.0 
PCDTBT 110 286 565 685 120 1.9 
PTB7 158 329 680 794 90 1.7 
SiIDT-BT 209 384 634 695 61 1.9 
IDT-BT 348 520 659 705 46 1.8 
DPPTT-T 492 - 807 - - 1.4 
DPPT-TT 634 - 800 - - 1.4 
Rr-P3HT 1024 - 603 642 39 2.0 
a. Relative diffraction strengths estimated from integration of the respective XRD peaks and 
normalised for film thicknesses. b. Wavelengths of the first vibrational bands from absorption 
/ PL spectra. c. Optical band gaps, Es were estimated from the wavelengths at the intersection 
between absorption and PL spectra.  
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3.3.1a Wide-angle x-ray diffraction (WAXD) on neat polymer films 
 
Figure 3.1: Wide-angle x-ray diffraction (WAXD) data on neat films showing polymers with 
different degree of diffraction strength. The top plot shows the more crystalline polymers with strong 
diffraction peaks and some relatively amorphous polymers with weak diffraction peaks as 
comparison, while the bottom plot shows an expansion of scattering data for the more amorphous 
polymers. The scattering vector q was determined from the scattering angle by q = (4π/λ)sin(θ). Each 
of the film thicknesses is stated in the legends of the plots. 
Wide-angle x-ray diffraction (WAXD) data was employed to assay the diffraction strength 
and thereby the relative crystallinity of neat polymer films employed in this study. Typical 
data are shown in Figure 3.1, showing diffraction peaks at around q = 0.4 Å
-1
 and 1.6 Å
-1
, 
assigned as previously
36
 to out-of-plane lamellar stacking and π-π stacking peaks 
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respectively. It is apparent that the polymers used in this study exhibit a highly varying 
degree of XRD diffraction intensity and peak widths, indicative of varying crystallinity 
between the polymers studied. The relative magnitudes of these diffraction peaks are not only 
dependent on film crystallinity but also on the preferred orientation of the polymer crystalline 
domains within the film. Three of the polymers studied, regioregular P3HT (Rr-P3HT), 
DPPT-TT and DPPTT-T exhibit intense and narrow lamellar diffracton peaks at around q = 
0.4 Å
-1
 consistent with their previously reported high degree of crystallinity.
33,37
 These 
polymers exhibited relatively weak π-π stacking diffraction peaks, attributed to these 
polymers being primarily oriented edge-on to the substrate (with π-π stacking parallel to the 
substrate), as indicated for both Rr-P3HT and DPPT-TT from previous grazing incidence x-
ray scattering (GIXS) data.
33,37
 The remaining polymers’ films exhibited weak and broad 
diffraction peaks at around q = 0.4 Å
-1
 and additionally at q = 1.6 Å
-1
.   For these polymers, 
the relative film crystallinities were estimated from integration of the diffraction intensities 
over the relevant peaks following literature procedures, and normalised for film thicknesses.
38
 
Similar relative crystallinities were then obtained for each polymer from analysis of either the 
lamellar stacking or π-π stacking peaks, indicating that both these peaks were effective assays 
of polymer crystallinity, and consistent with relatively random crystal orientations within 
these more amorphous films. The values of relative crystallinities as estimated from the 
diffraction strength of both lamellar and π-π stacking peaks are listed in Table 3.2. 
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3.3.1b Ground state absorption and photoluminescence spectra  
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Figure 3.2: Ground state absorption and photoluminescence (PL) spectra for neat polymer films. PL 
spectra were excited at around absorption maxima of each polymer, as listed for the pump 
wavelengths in Table 3.1. 
The ground state absorption and photoluminescence (PL) spectra for the range of polymers 
listed in Table 3.2 are found to vary significantly in terms of energy and structure of the 
bands. Four representative polymers (APFO3, IDTBT, regioregular (Rr-) P3HT, and 
regiorandom (Ra-) P3HT) have exhibited rather different absorption and PL spectra as shown 
in Figure 3.1.  Comparing the two polythiophenes (grey), the absorption and PL spectra of 
Rr-P3HT are more structured and red-shifted in energy while Ra-P3HT have more blue-
shifted, structureless bands. This is consistent with the literatures
39,40
 as well as the WAXD 
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data in Figure 3.1 which indicated that Rr-P3HT has much more ordered packing in film than 
Ra-P3HT. The two donor-acceptor polymers (black) also followed a similar trend, where the 
more crystalline IDT-BT exhibited more structured, red-shifted bands for absorption and PL 
spectra whereas the more amorphous APFO3 showed structureless, blue-shifted bands.  
 
3.3.1c Stokes shift vs crystallinity 
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Figure 3.3: A plot of Stokes shift between first absorption and PL bands as a function of π-π stacking 
diffraction strength. 
From a comparison between Figure 3.1 and Figure 3.2, the optical properties of the polymers 
seem to be affected by their crystallinity or molecular ordering in films.
20,39
 To quantify this 
correlation, the magnitude of Stokes shift between the first (0-0) vibrational bands of 
absorption and PL spectra is compared to their film crystallinity as previously assayed from 
WAXD data. Figure 3.3 shows that the Stokes shift between absorption and PL bands seem 
to correlate with π-π stacking diffraction strength. Note that this correlation is also observed 
for lamellar stacking diffraction which exhibited similar relative strength to π-π stacking 
peak. The smaller Stokes shift in more crystalline films may be due to more intense transition 
from the lowest vibronic state which is too weak to be resolvable in the more amorphous 
films, as well as a possible red-shift in energy induced by the more ordered packing.
20,39
 In 
addition, the broader absorption and emission bands of more amorphous polymers may also 
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contribute to the larger Stoke shifts. However, the Stokes shift of GeIDT-BT is considerably 
smaller than expected from the weak diffraction strength, although similar in magnitude to 
the analogous polymers- SiIDT-BT and IDT-BT. It is possible that the narrow diffraction 
peak width of GeIDT-BT as seen in Figure 3.1 may suggest that some localised ordering are 
present (albeit in low quantity due to the weak intensity), resulting in the small Stokes shift. 
 
3.3.2 Transient absorption study of neat polymer films 
Transient absorption data were collected for neat films of all the polymers studied herein (see 
Table 3.2). Typical data for one such polymer, GeIDT-BT, is presented in Figure 3.4. The 
photoinduced transient absorption band of GeIDT-BT neat film has a maximum at 
approximately 1050 nm (Left), which exhibits a monoexponential decay with a lifetime of 
1.60 µs under nitrogen atmosphere, accelerating to 0.2 µs under oxygen atmosphere (Right). 
The oxygen sensitivity of this transient absorption signal, and its monoexponential 
microsecond decay dynamics, allow us to assign this signal to polymer triplet exciton T1 → 
Tn absorption. These triplet excitons are most likely formed via direct intersystem crossing 
from the polymer singlet excitons.
20
   
 
 
Figure 3.4: (Left) Transient absorption spectrum of GeIDT-BT neat film measured at 1 µs after laser 
excitation. (Right) The transient absorption decay kinetics of GeIDT-BT neat film under nitrogen 
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(black) and oxygen (gray) atmospheres, measured using 3.5 µJcm
-2
 excitation at 640 nm and a probe 
wavelength of 1050 nm. The broken line represents fitting curve with a monoexponential equation: 
            ⁄  .  
The decay kinetics of these triplet excitons as a function of laser excitation density are 
presented in Figure 3.5a. As seen from the inset, the initial triplet signal amplitude shows a 
linear dependence with excitation density for E < 7 µJcm
-2
, whereas saturation of the triplet 
signal amplitude occurs at higher excitation densities. At low excitation densities, all the 
decays exhibited a monoexponential decay with a lifetime of 1.60 ± 0.1 µs, while, an 
additional faster decay can be observed at higher excitation densities, resulting in 
biexponential decay dynamics, as illustrated in Figure 3.5b. This additional decay phase (and 
saturation of initial signal amplitude) is assigned to the presence of triplet-triplet annihilation 
at high excitation intensities.
41,42
 As such, all triplet lifetimes reported herein were obtained 
from decay kinetics at low excitation energies (typically ~3 µJcm
-2
), well within the linear 
region where only monomolecular decay of triplet excitons is observed. 
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Figure 3.5: (a) The transient absorption decay kinetics of a GeIDT-BT neat film as a function of laser 
excitation density, from top to bottom, E= 89, 43, 27, 7, 3.5, 1.1, 0.7 µJcm
-2
. The inset shows signal 
amplitude at 1µs against laser excitation density. (b) Decay kinetic at 89 µJcm
-2
 (solid black line) is 
fitted to a biexponential equation,               ⁄             ⁄   while decay kinetic at 7 
µJcm
-2
 (solid grey line) is fitted to a monoexponential equation,            ⁄  . 
Analogous transient data to that shown in Figures 3.4 and 3.5 were collected for all the neat 
polymer films listed in Table 3.2; the additional transient data are presented in Appendix 3.1. 
Large variations in transient dynamics were observed among the polymers studied. Some 
polymers showed strong triplet signals with long triplet lifetimes (up to 5 s) whereas others 
showed no triplet exciton signal within the time resolution of our transient spectrometer (~ 
100 ns). An additional, slower power law decay phase which is not sensitive to oxygen was 
observed for some neat polymer films when using high excitation densities, assigned to 
formation of polymer polarons. The relatively low amplitude of this signal, and requirement 
for high excitation densities, indicates that the yield of these polarons is relatively low, 
consistent with the expected low charge separation yields in neat polymer films; these 
polarons are not considered further in this chapter. Polymer triplet exciton lifetimes 
determined under nitrogen atmosphere from these transient data are listed in Table 3.3, and 
ranged from 0.1 to 5 s.  
In addition to obtaining triplet lifetimes, triplet yields are also assayed from the initial 
monoexponential decay fit amplitudes under nitrogen atmosphere and listed in Table 3.3. 
Furthermore, a comparison of the transient absorption decay kinetics determined under 
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nitrogen and oxygen atmospheres (N2 and O2 respectively) allows us to determine the rate 
constant, kO2 and quantum yield, φO2 of oxygen quenching of the polymer triplet excitons 
from: 
    
 
   
 
 
   
                                                                             
    (  
   
   
)                                                                 
These rate constants and quantum yields of oxygen quenching are also listed in Table 3.3.  
kO2 varies between polymers from 0.28 x 10
6
 to 3.7 x 10
6
 s
-1. φO2 ranges from 0 to 84 % 
between polymers, where polymers with longer triplet lifetimes are found to exhibit higher 
oxygen quenching yields. This variation arises from both differences in triplet lifetime and 
oxygen quenching rate constant. 
The possibility of a correlation between the decay kinetics of polymer triplet excitons (and 
oxygen quenching dynamics) and the energy levels of polymer singlet excitons, as assayed by 
their optical band gaps (listed in Table 3.2) were investigated. No such correlation could be 
observed (see Appendix 3.2), suggesting that the pronounced variations in triplet 
photophysics and oxygen quenching dynamics among the polymers studies are unlikely to be 
explained by the energies of singlet (and by inference triplet) excitons.  
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Table 3.3. Transient study of neat polymer films under nitrogen and oxygen atmospheres.  
 
Polymers 
 
Triplet  
 
kO2 
( 106 s-1) 
 
φO2 
(%) τN2
 
(±0.1µs) 
Yield
 a
 
(±5µΔOD) 
Ra-P3HT 5.0 110 1.2 84 
GeIDT-BT 1.6 80 3.7 80 
IF8TBTT 1.3 50 2.6 79 
APFO3 0.9 45 1.4 55 
PCDTBT 0.9 30 1.4 55 
PTB7 0.8 65 0.4 25 
SiIDT-BT 0.4 50 0.3 10 
IDT-BT 0.1 * 0 0 
DPPTT-T - - - - 
DPPT-TT - - - - 
Rr-P3HT - - - - 
The pump and probe wavelengths used for each polymers are listed in Table 3.1.  
a. Triplet yields were estimated from the monoexponential fit amplitudes at t~0 s. * Error is 
too high for reasonable estimation.  
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3.3.3 Triplet photophysics vs crystallinity 
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Figure 3.6:  A plot of lamellar (blue circle) and π-π (black square) diffraction strengths, determined 
from integration of XRD peaks, against triplet exciton lifetimes as estimated from triplet decay 
kinetics with excitation density ~3 µJcm
-2
 under nitrogen atmosphere.  
The lifetimes of polymer triplet excitons are plotted as a function of relative polymer 
crystallinity, evaluated from the diffraction strength of either the lamellar or π-π stacking 
peaks. No triplet signals were observable for the three polymers (Rr-P3HT, DPP-T-TT and 
DPP-TT-T) exhibiting high crystallinity with evidence of relatively well-orientated films; 
these polymers are therefore not included in this analysis. It is apparent that the remaining, 
more amorphous polymers show a strong correlation between the polymer triplet lifetimes 
and assays of film crystallinity from both the lamellar and π-π stacking, where the polymers 
with low fractional crystallinity are found to exhibit longer triplet lifetimes. This correlation 
is particularly clear for the π-π stacking diffraction peak, strongly indicating that the strength 
of polymer π-π stacking (and the associated increase in polymer crystallinity) is a key 
determinant of triplet exciton lifetime. 
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Figure 3.7: (a) Wide-angle x-ray diffraction data on neat film of PCDTBT before and after annealing 
at 180 
o
C for 10 minutes. (b) The transient decay kinetics of PCDTBT neat film before and after 
annealing, showing a decrease in triplet lifetime and yield. Decay kinetics were measured using 20 
µJcm
-2
 excitation at 560 nm and a probe wavelength of 980 nm under nitrogen atmosphere. The 
broken line represents fitting curve with a monoexponential equation:             ⁄     . (c) 
The transient decay kinetics of PCDTBT neat film under nitrogen and oxygen atmospheres, before 
and (d) after annealing. 
To further validate the effect of crytallinity on triplet photophysics, similar transient studies 
are carried out on a neat PCDTBT film before and after annealing. The WAXD data as seen 
in Figure 3.7a shows that the diffraction peak of PCDTBT neat film becomes narrower and 
more intense after annealing at 180 oC for 10 mins, indicative of improved ordering for both 
out-of-plane lamellar and π-π stackings. Before annealing, the transient decay kinetic of 
PCDTBT neat film follows a monoexponential decay fit, as evidenced from the straight line 
on a log/linear plot, with a lifetime of 0.88 µs under nitrogen atmosphere (Figure 3.7b).  This 
decay kinetic is also significantly quenched under oxygen atmosphere as observed in Figure 
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3.7c, which confirms the presence of triplet excitons in the film. After annealing, the lifetime 
of triplet excitons is reduced by 38% to 0.55 µs, while the initial decay amplitude which is an 
assay of triplet yield also decreases by 22%. Oxygen quenching of the decay kinetic is also 
much reduced after annealing, as shown in Figure 3.7d. It is therefore apparent that even a 
slight increase in film crystallinity can reduce the triplet lifetime as well as the triplet yield. 
This effect is even more pronounced when comparing Rr-P3HT and Ra-P3HT which have 
similar chemical structure but drastically different film crystallinity as seen in Figure 3.1. As 
shown in Table 3.3 (and Figure 4.5), Rr-P3HT and Ra-P3HT exhibit contrasting triplet 
photophysics where high triplet yield with long triplet lifetime are present in Ra-P3HT film 
but no triplet signal was observed in Rr-P3HT film, consistent with the report by Guo et al
43
. 
 
Figure 3.8: Triplet yield as a function of π-π diffraction strength, showing a weak correlation. 
As demonstrated previously, there has been some indication that triplet yield may be affected 
by film crystallinity, in addition to triplet lifetime. Here, the yields of triplet excitons as 
assayed by the initial amplitude of the transient absorption signal assigned to polymer triplet 
T1
 – Tn
 
absorption are plotted against relative polymer crystallinity. As seen in Figure 3.8, this 
assay is less quantitative than that of triplet exciton lifetimes due to likely variations in 
polymer T1 – Tn absorption coefficient, and due to difficulty in measuring this amplitude for 
triplets with lifetimes approaching our instrument response. For the polymers where the 
initial signal amplitude could be clearly measured, fairly similar triplet signal amplitudes (± 
50%) was observed for all the polymers studied, with only a limited correlation with polymer 
crystallinity. The weak trend of decreasing triplet signal amplitude with increasing polymer 
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crystallinity is, however, consistent with Cadby et al.
35
 It thus appears that while the triplet 
exciton lifetimes are strongly correlated with polymers crystallinity (varying by > 50 fold as a 
function of relative polymer crystallinity), the yields of these triplet excitons are less strongly 
correlated.  
 
3.3.4 Rate constant and yields of oxygen quenching vs crystallinity 
 
 
Figure 3.9: Plots of (a) rate constants and (b) yields of oxygen quenching against π-π diffraction 
strength. 
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In terms of oxygen quenching dynamics, the rate constant and yield of oxygen quenching are 
computed from equation (1) and (2) respectively (listed in Table 3.3), by comparing the 
triplet decay kinetics under nitrogen and oxygen atmospheres. As seen in Figure 3.9a, a 
correlation was observed between the oxygen quenching rate constant and polymer 
crystallinity, with more crystalline polymers showing a slower rate constant. Ra-P3HT, 
however, is the exception to the correlation, showing an anomalously slow rate constant for 
oxygen quenching given its low crystallinity, and will be discussed in the next section. In 
addition, the yield of oxygen quenching showed a particularly strong correlation with 
polymer crystallinity as presented in Figure 3.9b. For more amorphous polymers such as Ra-
P3HT or GeIDT-BT, more than 80% of triplet excitons are effectively quenched by oxygen, 
whereas more crystalline polymers such as IDT-BT showed negligible oxygen quenching of 
the triplet signal. This correlation can be attributed both to the longer triplet lifetime of more 
amorphous polymers allowing the triplet excitons more time to interact with oxygen, as well 
as the higher oxygen quenching rate constant observed for the more amorphous polymers. 
For the three highly crystalline polymers (Rr-P3HT, DPP-T-TT, and DPP-TT-T), no oxygen 
quenching data could be obtained, although the absence of any triplet exciton signal on 
timescales > 100 ns, and the trend of decreasing oxygen quenching rate constant with 
increasing crystallinity suggests that their oxygen quenching yield will be negligible.   
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3.4 Discussion 
For the polymers studied herein, a relationship is established between optical properties and 
our assay of relative film crystallinity, consistent with the literatures.
20,39,44
 Firstly, the 
correlations observed between polymer triplet photophysics and film crystallinity will be 
summarised, and then the basis and implications of these correlations will be addressed. 
These polymers can be categorised according to their relative film crystallinity, as estimated 
from the strengths of their lamellar and π-π stacking diffraction peaks. For the more 
amorphous polymers, Ra-P3HT, GeIDT-BT, IF8TBTT, APFO-3, PCDTBT, PTB7, SiIDT-
BT, and IDT-BT, optical excitation is observed to result in long lived triplet excitons with 
lifetimes ranging from 0.1 to 5 µs. The decay kinetics of these triplet excitons are quenched 
under oxygen, with the oxygen quenching efficiency increasing with longer triplet lifetime. 
On the other hand, Rr-P3HT, DPP-T-TT, and DPP-TT-T all exhibited considerably higher 
film crystallinity, and no observable transient species on the microsecond timescale. 
For the more amorphous polymers, where both the relative polymer crystallinity and triplet 
exciton lifetime can be quantified, the triplet exciton lifetime is found to decrease at least 50 
fold with increasing polymer crystallinity. The good correlation observed between triplet 
lifetime and relative crystallinity for a range of polymers, is also consistent with the change in 
film photophysics after thermal annealing. This is also in line with previous studies which 
have shown some correlations between triplet photophysics and material crystallinity for 
single material studies.
20,35,43
 Our observation herein that this correlation can be observed 
even for a broad range of structurally different polymers indicates this correlation is quite 
general, and suggests that polymer crystallinity is the primary determinant of triplet lifetime 
for such  polymers.  
The likely physical origin of this correlation between polymer crystallinity and triplet lifetime 
is considered here. Molecular aggregation / crystallisation has been reported to result in 
quenching of molecular singlet excited states due to an acceleration of non-radiative decay 
processes (a process often referred to as ‘concentration quenching’).45,46 However, for the 
polymers studied herein, only a weak correlation was observed between fluorescence decay 
time (determined from time correlated single photon counting) and film crystallinity (see 
Appendix 3.3). Similarly the polymer triplet yield, as approximately assayed by the initial 
amplitude of the T1 – Tn transient absorption signal, did not strongly correlate with polymer 
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crystallinity (see Figure 3.8). This suggests that the strong correlation between triplet lifetime 
and polymer crystallinity reported here should not be assigned primarily to such 
concentration quenching effects. It appears more likely that this correlation is associated with 
a lower triplet exciton mobility in the more amorphous polymers which reduces the 
probability of triplet excitons from reaching quenching sites, hence contributing to an 
increase in triplet lifetimes.
44,47
  
The rate constant for oxygen quenching of polymer triplet excitons was observed to correlate 
well with polymer crystallinity, which can most likely be attributed to higher oxygen 
solubility in the more amorphous polymers.
48,49
 Ra-P3HT, however, appears to be an 
anomaly to this correlation (Figure 3.9a), showing a rather slow oxygen quenching rate 
constant. It is possible that the nature and density of the short alkyl chains may act to impede 
oxygen diffusion in Ra-P3HT. The yield of oxygen quenching is also found to correlate well 
with polymers’ crystallinity, where the more amorphous polymers exhibit higher oxygen 
quenching yield. This correlation results mainly from the longer triplet lifetimes, as well as 
from the higher oxygen quenching rate constant. As oxygen quenching from the triplet states 
is known to generate singlet oxygen which is highly reactive with organic material, this 
correlation may impact upon the photochemical stability of polymer.
50-52
 Further details 
concerning the role of triplet states on stability of polymer will be elaborated in the next 
chapter. 
For the study reported here, the photophysics and oxygen quenching of polymer triplet 
exciton was obtained for neat polymer films. In polymer / fullerene blend films employed in 
organic solar cells, triplet formation by direct intersystem crossing from polymer singlet 
excitons is likely to be suppressed by photoinduced charge separation. However 
recombination of these photoinduced charges can also result in triplet exciton 
generation.
41,53,54
 Indeed, it is widely reported that electron / hole recombination in OLED 
devices can lead to high yields of triplet excitons.
55
 As triplet state formation is often a loss 
pathway limiting charge generation yield and may affect the photochemical stability of 
polymer, the design of materials to reduce triplet formation is therefore likely to be an 
important consideration for stable and highly efficient OPV devices. The results reported 
herein suggest that one strategy to address this requirement is to employ relatively crystalline 
donor polymers, as these exhibit (at least for the materials studied herein) triplet lifetimes that 
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are likely too short to compete with charge generation pathway or to cause photodegradation 
by sensitising the formation of singlet oxygen. 
 
3.5 Conclusions 
The results we report herein indicate that materials crystallinity is a key determinant of the 
lifetime and oxygen quenching efficiency of polymer triplet states. This conclusion is clearly 
of relevance to optoelectronic devices where triplet state is a loss mechanism which can limit 
device efficiency. It is also of relevance to device design strategies where triplet exciton 
states play a key role in device function, such as singlet fission based photovoltaic devices 
and OLED devices utilising triplet excitons.  As such, these results suggest that the impact of 
materials crystallinity upon triplet photophysics is a key materials design consideration likely 
to be of importance for organic photovoltaics as well as other organic optoelectronic devices 
applications. 
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Chapter 4: Photochemical stability of 
neat polymer and polymer/fullerene 
blend films  
 
With OPV device efficiency now approaching 10%, perceived as the benchmark for 
commercial viability, stability is currently a pressing issue that needs to be addressed for the 
development of polymer-based organic solar cells. 
This chapter describes experiments to assess the photochemical stability for a range of 
polymers in neat films and polymer/fullerene blend films using white light irradiation in pure 
oxygen atmosphere. The relative stabilities in these films were then assayed from the rate of 
photobleaching using UV-Vis spectroscopy. Various film properties such as photophysics, 
crystallinity and energetics were also determined and compared to their relative stabilities. 
No significant impact of polymer energetics on the photochemical stability can be found. 
Instead, a qualitative correlation was observed between photochemical stability and triplet 
photophysics/crystallinity in neat films, where the more stable polymers do not exhibit 
observable long-lived triplet excitons and have relatively high film crystallinity. In blend 
films, the relative stabilities appear to follow the same trend as in neat films, suggesting a 
similar degradation mechanism in both neat and blend films, possibly via triplet mediated 
singlet oxygen generation.  Lastly, a comparison of film and device stability shows that our 
study of film stability is of clear relevance to the long-term device performance. 
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4.1 Introduction 
In the recent years, remarkable progress in improving OPV device efficiency has been 
achieved with low band gap donor-acceptor polymers when blended with fullerenes. Despite 
this progress, the stability of OPV devices is still a factor limiting its commercial viability, 
due not least to the sensitivity of unencapsulated devices towards humidity and oxygen in 
ambient air.
1
 In particular, organic materials in the active layers are known to be susceptible 
to photo-oxidation under ambient conditions. However, there are relatively few studies that 
compare the relative photochemical stabilities of promising donor-acceptor polymers used in 
efficient OPV devices.
2,3
 Therefore, the focus of this chapter is to study the photochemical 
stability of donor polymers in neat films and in blends with fullerene under the presence of 
oxygen. 
Previous literature on the photochemical stability of polymers has found that the main 
photodegradation pathways in neat and blend films are likely to involve either triplet 
mediated singlet oxygen generation or superoxide radical anion formation.
4-7
 Triplet excitons 
are known to sensitise the generation of singlet oxygen via energy transfer to molecular 
oxygen. This singlet oxygen is highly reactive and can disrupt the π-conjugation of polymer 
chains, resulting in photodegradation. Known reactions of singlet oxygen with organic 
compounds include cycloaddition reactions with electron-rich double bonds and diene units; 
these are more reactive when a strong electron-donating group is present.
8-11
 As such, both 
triplet photophysics and the reactivity of singlet oxygen with specific chemical structures 
may govern the photochemical stability of polymers wherein the main photodegradation 
pathway is via triplet mediated singlet oxygen generation. However, there have been very 
limited studies investigating the effect of triplet photophysics on the relative photochemical 
stability of different polymers. Herein, triplet yields and lifetimes as evaluated from the 
previous chapter will be compared to the relative photochemical stabilities for a similar range 
of polymers, and discussed in regard to the effect of chemical structure on photochemical 
stability. 
Polymer crystallinity can affect not only triplet photophysics, as discussed in Chapter 3, but 
also it can directly affect its photochemical stability. It has been shown that oxygen solubility 
in the crystalline fraction of semicrystalline polymers is at least an order of magnitude lower 
than in the amorphous fraction, and that pure crystalline domains are generally impenetrable 
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to oxygen.
12-14
 Indeed, higher film crystallinity was observed to exhibit lower oxygen 
quenching rate constants from the triplet state in the previous chapter, which likely stems 
from the reduced oxygen solubility in the more crystalline films. In addition, the rigidity and 
tight packing of crystal lattice may also impede the photo-oxidation process, which requires 
the rearrangement of the molecular structure.
12,15,16
 Therefore, it is of interest to investigate 
whether the variation in film crystallinity for the range of donor-acceptor polymers can 
noticeably affect the photochemical stability.  
Another factor that may influence the photochemical stability of polymers is their energy 
levels. The generation of singlet oxygen requires the polymer triplet state to be higher in 
energy than the singlet oxygen (-0.98 eV), in order for energy transfer to occur.
17
 
Nevertheless, this relationship between the energy of triplet state and stability has not been 
well-studied in low band gap donor-acceptor polymers. It is also known that organic 
compounds with higher ionisation potentials have less tendency to undergo oxidation, and 
thus may be less susceptible to reaction with singlet oxygen.
18
 As such, lowering the HOMO 
energy level is a commonly used design tactic to enhance air stability of organic materials.
19-
22
 However, several recent stability papers employing polymers used for OPV have not 
shown clear correlation with polymer HOMO levels.
2,23,24
 For the polymers studied herein, 
the effect of HOMO levels as well as the singlet state and triplet state energies on the relative 
polymer stabilities are considered.  
In addition to the photochemical stability of neat polymer films, it is even more relevant to 
extend the study to blend films with fullerene for OPV applications. The addition of PCBM 
to polymers in blend films has predominantly reported an increase in photochemical stability 
compared to the neat polymer films, mainly with polymers such as P3HT and MDMO-
PPV.
1,6,25-27
 Some proposed mechanisms for the stabilisation with PCBM include the radical 
scavenging effect of PCBM, and exciton quenching of polymer excited state by electron 
transfer to PCBM, such that the reduced lifetime of singlet state may in turn lower triplet 
formation.
26-28
 However, Distler et al
4
 have found that the PCBM can also exhibit 
destabilising effects in blend film despite efficient exciton quenching, likely due to an 
increase in triplet state population via recombination from charge transfer state. Herein, the 
relative stabilities of the blend films with PC71BM are compared to the neat films as well as 
to device performances. 
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This chapter describes studies of photochemical stability for a range of mainly donor-
acceptor polymers in neat and blend films with fullerene. A similar range of polymers as 
those studied in Chapter 3 are employed herein. Accelerated photodegradation of these films 
under pure oxygen atmosphere is monitored using UV-Vis spectroscopy. The relative 
photochemical stabilities are then compared to their film properties such as triplet 
photophysics, crystallinity and energetics, with some discussion on structural effect. The 
relative stabilities of blend films are also considered in parallel to working devices under 
similar ageing conditions. 
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4.2 Experimental details 
Solutions for neat films were prepared with dichlorobenzene (DCB) at 18 mg/ml for SiIDT-
BT and IDT-BT; with chlorobenzene (CB) at 12 mg/ml for Rr-P3HT, Ra-P3HT and APFO3; 
and with chloroform (CF) at 10 mg/ml for PCDTBT and DPPTT-T. For PTB7 neat film, 
solution were prepared with a mixture of 97% chlorobenzene and 3% 1,8-diodoctane (DIO) 
at ~15mg/ml. Solutions for polymer/ PC71BM blend films were prepared at 1:1 for Rr-P3HT 
and Rr-P3HT (both 24 mg/ml DCB), 1:1.25 for PTB7 (25 mg/ml CB:DIO 97:3), 1:2 for 
PCDTBT and DPP-TT-T (both 18 mg/ml CF), and 1:4 for APFO3 (50mg/ml CB) and SiIDT-
BT (75 mg/ml DCB). The choice of solvents and blend ratios were as used in the optimised 
blend photovoltaic devices. The solutions were heated on a hot plate at ~50 
o
C (except for 
chloroform solutions) and stirred continuously overnight to ensure complete dissolution. 
All the neat and blend films were then fabricated by spin coating the solutions onto glass 
substrates at 2000-3000 rpm for 1 minute. Before spin coating, the 1 cm x 1 cm substrates 
were cleaned by sonication in acetone and isopropanol for 15 min respectively.  
For stability study, films were degraded by exposing to white light irradiation from Luxeon 
Star white LED (~80 mWcm
-2
) under pure oxygen atmosphere. Ground state absorption 
spectra were then obtained as a function of illumination time using a UV-1601 Shimadzu uv-
vis spectrophotometer.  
Infrared spectra were measured using a Perkin Elmer Spectrum 100 FT-IR spectrometer. 
Spectra were obtained in transmission mode with 16 scan summations and a resolution of 0.5 
cm
-1
. Films were scrapped onto a diamond plate substrate before measurements. 
Devices were fabricated by Nurlan Tokmoldin following the conventional device architecture 
ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al, with the same active layer blend composition as 
that used in film. Measurement of device efficiency was done by Scot Wheeler using a solar 
simulator at 1 sun AM 1.5 illumination intensity. 
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4.3 Results  
4.3.1 Photochemical stability of neat polymer films 
Figure 4.1: Change in uv-vis absorption spectrum of SiIDT-BT neat film under (Left) nitrogen and 
(Right) oxygen atmosphere as a function of white light (λ > 410 nm, 80 mWcm-2) irradiation time. 
For all the polymers detailed in Section 4.2, the photochemical stability in neat films was 
determined from photobleaching of ground state absorption spectra under the accelerated 
ageing condition of pure oxygen atmosphere and white light irradiation (close to 1 Sun 
intensity). Figure 4.1 shows typical absorption spectra over four hours of irradiation time 
under nitrogen and oxygen atmospheres for one of the less stable polymers, SiIDT-BT. In the 
absence of oxygen, the absorption spectra of the SiIDT-BT neat film remained unchanged 
over 255 minutes of irradiation. Control data in the presence of oxygen but in the absence of 
irradiation also showed no measureable degradation. However, irradiation under oxygen 
atmosphere resulted in a drastic decrease of the maximum absorption intensity at 640 nm. 
There is also a blue shift in the absorption peak from 640 nm to 580 nm after 255 minutes of 
irradiation, which has been attributed to a loss in conjugation of the polymer chains.
29
  
Changes in the SiIDT-BT film upon photochemical degradation are then probed with 
transient absorption spectroscopy and infrared spectroscopy. 
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Figure 4.2: Transient decay kinetics of SiIDT-BT neat film, before (red line) and after 
photodegradation (255 minutes, black line), and normalised for the amount of photons absorbed. The 
broken grey lines represent fitting curve with a monoexponential equation:             ⁄  . 
The transient data are measured with pump wavelength of 590 nm (degraded film) and 640 nm 
(pristine film), and probed at 980 nm using excitation density of 22 µJcm
-2
 under nitrogen 
atmosphere. The inset shows quenching of the transient decay kinetics under oxygen atmosphere for 
the degraded film.  
Transient decay kinetics of SiIDT-BT neat film were measured before and after 
photodegradation, as shown in Figure 4.2. The pristine film exhibits a triplet decay lifetime of 
0.45 µs under nitrogen atmosphere, whereas the degraded film shows a substantially longer 
triplet lifetime of 3 µs, with a much higher triplet yield (for the same amount of photons 
absorbed). The assignment of triplet excitons to the monoexponential decay in degraded film 
is further verified from the efficient oxygen quenching of the decay kinetics (see inset of 
Figure 4.2). As discussed in Chapter 3, the increase in triplet lifetime after degradation may 
be attributed to higher disorder in the degraded film, consistent with the blue shift observed in 
absorption spectra. 
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Figure 4.3: Infrared spectra of the SiIDT-BT neat film, before and after photodegradation under 
oxygen atmosphere for 255 minutes. 
Infrared spectra were obtained on pristine and degraded SiIDT-BT films to detect changes in 
the chemical structure upon photo-oxidation. As shown in Figure 4.3, two prominent bands 
appear in the degraded film at around 1000 cm
-1
 and 3300 cm
-1
, which are not present in the 
pristine film. The broader band at around 3300 cm
-1
 has previously been ascribed to 
hydrogen-bonded –OH stretching from the oxidation of side chain in degraded P3HT films.29 
On the other hand, the strong band signal at around 1000 cm
-1 
could be ascribed to either the 
Si-O bond stretching , or the presence of sulfoxide (S=O) which is formed by oxidation of the 
thiophene rings.
23,29-31
 As P3HT is much more stable than SiIDT-BT (see Figure 4.4 below) 
under the same conditions, the formation of Si-O bond is likely to have greater contribution 
to the intense 1000 cm
-1
 signal than oxidation of thiophene ring. 
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Figure 4.4: Plot of decrease in ground state absorption strength for various polymer neat 
films under oxygen atmosphere and white light irradiation (λ > 410 nm, 80 mWcm-2). 
The rates of photodegradation for different neat polymer films were determined from the 
rates of decrease in ground state absorption maxima, and are compared in Figure 4.4. Even 
among the same class of donor-acceptor polymers, there are significant differences in the 
photochemical stabilities of these well-studied donor polymers for OPV. One of the least 
stable polymers in this study, SiIDT-BT, degraded approximately 170-fold faster than the 
most stable polymer, DPP-TT-T after 255 minutes of irradiation under oxygen. Although 
both polymers have produced over 5% power conversion efficiency in OPV devices, the 
superior photochemical stability of DPP-TT-T may render it more promising for OPV 
applications.
32,33
 Therefore, it is highly beneficial to determine factors that may govern the 
photochemical stability of these polymers by examining their relationship with film 
properties.  
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4.3.2 Effect of triplet photophysics / crystallinity on photochemical stability  
As mentioned in Section 4.1, the presence of triplet states and the degree of film crystallinity 
can both affect the photochemical stability of polymers. It has also been observed in Chapter 
3 that there is a good correlation between triplet photophysics and polymer crystallinity; 
therefore the effect of both factors on the photochemical stability will be considered herein 
for a similar range of polymers. 
Figure 4.5: (Left) Transient decay kinetics of regioregular (Rr) and regoirandom (Ra) P3HT neat 
films under nitrogen and oxygen atmospheres, pumped at 440 nm with 14 µJcm
-2
 and probed at 980 
nm. (Right) Rate of decrease in ground state absorption spectra for Rr- and Ra-P3HT neat films under 
oxygen atmosphere and white light irradiation (λ > 410 nm, 80 mWcm-2). 
First, the photostabilities of Rr-P3HT and Ra-P3HT are compared to their film properties, as 
these polymers have identical chemical structures but differ significantly in film crystallinity. 
The transient absorption data for both the polymers are shown in Figure 4.5 (Left). Ra-P3HT 
exhibits a strong and long-lived triplet signal which is efficiently quenched by oxygen, 
whereas Rr-P3HT shows no observable triplet absorption signal on the same timescale. A 
comparison between the rates of photodegradation of Rr-P3HT and Ra-P3HT can be seen in 
Figure 4.5 (Right), showing that Rr-P3HT is about 3.5 fold more stable than Ra-P3HT after 
255 minutes of irradiation under oxygen. This striking difference in photochemical stability 
seems to correspond with the distinctive triplet photophysics and film crystallinity, where the 
less stable Ra-P3HT film is relatively amorphous and exhibits a high triplet yield with long 
0 50 100 150 200 250 300
0.6
0.7
0.8
0.9
1.0
0 5 10 15 20
0
50
100
150  Ra-P3HT (N2)
 Ra-P3HT (O2)
 Rr-P3HT (N2)
N2


O
D
Time (s)
O2
 Rr-P3HT
 Ra-P3HT
N
o
rm
a
li
s
e
d
 a
b
s
o
rb
a
n
c
e
Time (min)
102 
 
triplet lifetime. Our observation is consistent with those of Dupius et al
34
 and Hintz et al
35
, 
suggesting a link between regioregularity, triplet yield and photodegradation rate of P3HT. 
Figure 4.6: (Left) Wide-angle x-ray diffraction data on neat film of SiIDT-BT before and after 
annealing at 180 
o
C for 10 minutes. (The annealed WAXD data was measured by Zhenggang Huang.) 
(Right) Rate of decrease in ground state absorption spectra for SiIDT-BT neat films, before and after 
annealing, under oxygen atmosphere and white light irradiation (λ > 410 nm, 80 mWcm-2). 
Furthermore, the film crystallinity of the less stable SiIDT-BT can be modified via thermal 
annealing. As seen from Figure 4.6 (Left), a strong diffraction peak that arises in the WAXD 
spectrum of an annealed SiIDT-BT film indicates significantly enhanced film crystallinity 
after annealing at 180 
o
C for 10 minutes. A comparison of the rates of photodegradation for 
the pristine and annealed films is presented in Figure 4.6 (Right), showing approximately 
15% slower photodegradation in the annealed film. A longer annealing time of over 10 
minutes shows no observable changes to the rate of photodegradation, in line with the 
saturation in film crystallinity. In addition, triplet photophysics in the pristine and annealed 
film also showed no significant differences, perhaps due to the fairly short-lived triplet 
lifetime in SiIDT-BT film. Hence, the modest improvement in photochemical stability of 
SiIDT-BT film may be mainly attributed to an increase in film crystallinity, which can reduce 
oxygen solubility as well as photo-oxidation rate. An analogous effect of annealing on the 
photochemical stability of Rr- and Ra-P3HT neat films has also been reported by Madsen et 
al.
36
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Figure 4.7: Wide-angle x-ray diffraction (WAXD) data on neat films showing different degree of 
diffraction strength for the polymers studied here. Film thicknesses are indicated in the plot legend. 
For the range of polymers with significantly different photochemical stability, the degree of 
film crystallinity also varies greatly, with Rr-P3HT and DPP-TT-T being the most crystalline 
(Figure 4.7). The ranking of relative stabilities and film crystallinity are tabulated in Table 
4.1, along with data from Chapter 3 on triplet photophysics and yield of oxygen quenching. 
The two most photostable polymers in this study are DPP-TT-T and Rr-P3HT, which 
exhibited relatively high crystallinity with negligible triplet signal. On the other hand, the 
more amorphous polymers with longer triplet lifetimes and higher triplet yields are 
comparatively less stable. In addition, the higher yield of oxygen quenching in the more 
amorphous polymers may also contribute to the faster photodegradation rate, probably from 
an increase in singlet oxygen generation from long-lived triplet excitons. However, there is 
not a clear quantitative correlation between the photodegradation rate and oxygen quenching 
yield as seen from Table 4.1. For example, PCDTBT exhibits better stability than PTB7 
despite a higher oxygen quenching yield; however, the triplet yield of PCDTBT is also 
substantially lower than that of PTB7. Similarly, Ra-P3HT exhibits the highest polymer 
triplet yield and highest oxygen quenching yield, but superior stability to PTB7. Hence, 
although these results are consistent with triplet exciton generating singlet oxygen as a key 
photodegradation pathway in these polymer neat films, the yield of singlet oxygen is clearly 
not the sole factor affecting the rate of photochemical degradation. 
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Table 4.1. Comparing the stability of polymers with triplet photophysics and relative crystallinity. 
Polymers Stability 
Ranking
a
 
Triplet 
lifetime 
(±0.1µs)
b
 
Triplet yield 
(±5µΔOD)b 
O2 quenching 
yield  
(%)
b
 
Relative 
crystallinity 
DPP-TT-T 1 - - - Crystalline 
Rr-P3HT 2 - - - Crystalline 
PCDTBT 3 0.9 30 55 Amorphous 
APFO3 4 0.9 45 55 Amorphous 
Ra-P3HT 5 5.0 110 84 Amorphous 
IDT-BT 6 0.1 * 0 Amorphous 
SiIDT-BT 7 0.4 50 10 Amorphous 
PTB7 8 0.8 65 25 Amorphous 
a
 In order of decreasing photochemical stability as shown in Figure 4.4. 
b 
As obtained from 
Chapter 3, Table 3.3. * Error is too high for reasonable estimation due to very low triplet 
signals near instrumental response.  
 
4.3.3 Effect of polymer energy levels on photochemical stability  
In addition to film crystallinity and triplet photophysics, the energetics of the polymers are 
considered herein, as listed in Table 4.2. Here, the energy of polymer singlet state is used to 
infer the energy of triplet state which is typically reported to be 0.4 – 0.7 eV below the singlet 
state.
37,38
 As shown in Table 4.2, the energy levels of singlet states vary from 1.4 – 2.3 eV, 
suggesting that for all the polymers studied apart from DPP-TT-T (and Rr-P3HT which also 
does not exhibit long-lived triplet state), the polymer triplet exciton has sufficient energy to 
drive singlet oxygen generation (0.98 eV). Nonetheless, no clear trend can be observed 
between the singlet/triplet energy levels and photochemical stability among the more 
amorphous polymers with triplet formation. Similarly, the polymers’ HOMO energy levels 
do not seem to have much impact on the photochemical stability, as the two most stable 
polymers, DPP-TT-T and Rr-P3HT have relatively low ionisation potentials. Hence, polymer 
energetics do not show significant correlation with photochemical stability for the polymers 
studied herein, consistent with the lack of trend with triplet photophysics as discussed in 
Chapter 3. 
 
105 
 
Table 4.2. Comparing the photochemical stability of polymers with their energy levels. 
Polymers Stability 
Ranking
a
 
HOMO/ IP 
(±0.05eV)
b
 
Es  
(eV)
c
 
DPP-TT-T 1 5.06 1.4 
Rr-P3HT 2 4.9 2.0 
PCDTBT 3 5.5 1.9 
APFO3 4 5.5 2.0 
Ra-P3HT 5 4.9 2.3 
IDT-BT 6 5.4 1.8 
SiIDT-BT 7 5.4 1.9 
PTB7 8 5.15 1.73 
a
 In order of decreasing photchemical stability as shown in Figure 4.3. 
b 
HOMO level 
measured by Scott Watkins using PESA on spin coated neat films. 
c
 Optical band gaps, Es 
were estimated from the first vibrational bands of absoprtion and emission spectra.  
 
4.3.4 Photochemical stability of polymer/fullerene blend films 
 
Figure 4.8: Change in uv-vis absorption spectrum of SiIDT-BT blend film with 80% PC71BM under 
oxygen atmosphere as a function of white light (λ > 410 nm, 80 mWcm-2) irradiation time. 
In this section, the study of photochemical stability in polymer/fullerene blend films is 
presented. Figure 4.8 shows the evolution of ground state absorption spectrum over 255 
minutes of irradiation under oxygen, for SiIDT-BT blend film. The decreasing absorption 
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intensity at around 640 nm with blue-shift in energy is similar to that in the neat film, while 
the PC71BM absorption region (< 500 nm) remains unchanged. Overall, the blend film of 
SiIDT-BT is noticeably more stable than the neat film.  
The photophysics of pristine and degraded SiIDT-BT blend films were probed with transient 
absorption study, as shown in Figure 4.9. In the pristine blend film, the decay kinetic follows 
a power law (seen as a linear decay on log-log plot) that is not sensitive to the presence of 
oxygen. Such power law decay is characteristic of non-geminate recombination of free 
charge carriers/polarons. The power decay exponent (α < 1) is indicative of the energetic 
depth of inhomogeneous density of localised state extending above the valence band.
39,40
 In 
the pristine film, the decay kinetic exhibits a power decay exponent of α~0.43, whereas the 
degraded film exhibits a slower decay exponent of α~0.22. The slower power law decay with 
a smaller decay exponent after degradation, suggests the formation of deeper trap states 
which the polarons need to escape from before recombination can occur. Similar changes in 
decay kinetics, where the recombination of polarons is slowed down by photodegradation, 
was observed for all the polymers/ fullerene blend films studied herein. This is consistent 
with the degradation study on MDMO-PPV blend film by Pacios et al
25
, which they 
attributed to the presence of chemical defect and changes to polymer conjugation length in 
the degraded film. Note that no sign of triplet formation can be observed in all the blend 
films. 
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Figure 4.9: Transient decay kinetics of SiIDT-BT blend film with 80% PC71BM, before and after 
photodegradation (255 minutes), and normalised for the amount of photons absorbed. The broken 
grey lines are fitting to a power decay law         . The data were measured at pump 
wavelength of 590 nm (degraded film) and 640 nm (pristine film), and probed at 980 nm using 
excitation density of 2.2 µJcm
-2
 under nitrogen atmosphere. 
 
Figure 4.10: Rate of decrease in ground state absorption spectra for various polymer neat (solid line) 
and blend (dashed line) films with PC71BM under oxygen atmosphere and white light irradiation (λ > 
410 nm, 80 mWcm
-2
). Note that the photodegradation rates of APFO3 neat and blend films are 
analogous to that of PCDTBT, and therefore omitted here for clarity. 
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Similar photodegradation studies to those shown in Figure 4.8 were performed on blend films 
with all the polymers. The rate of photobleaching is monitored at the wavelength of the 
polymers’ absorption maximum for all the blend films, as presented in Figure 4.10. Hardly 
any noticeable photobleaching can be observed in neat film with only fullerene under the 
same conditions. With the addition of high (optimum) fullerene loading, all the blend films 
except PTB7 showed significant improvement in photochemical stability compared to the 
neat films. This improved stability in blend film despite the high polaron yield formation, 
seems to point away from superoxide radical anion as the main photodegradation pathway.  
In addition, the relative photochemical stabilities of the blend films show the same overall 
trend to the neat films, suggesting that the main photodegradation pathway in both the neat 
and blend films may be identical despite the different film photophysics being observed. 
However, substantial photodegradation still occurs in most of the blend films, despite the 
absence of triplet formation in our transient studies.  Further consideration on the 
photodegradation pathway will be discussed in the context of the literature. More detailed 
study on the mechanism of photodegradation in blend films will also be shown in Chapter 5. 
 
4.3.5 Relating photochemical stability of blend films to device performance 
Figure 4.11: (Left) Comparing the rate of decrease in ground state absorption spectra for PCDTBT 
(1:2) and SiIDT-BT (1:4) blend films with (Right) the rate of decrease in device efficiency, under 
oxygen atmosphere and white light irradiation (λ > 410 nm, 80 mWcm-2) over the same timescale. 
(Device fabrication and measurement are done by Nurlan Tokmoldin and Scot Wheeler respectively). 
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In the previous section, the photochemical stabilities of both neat and blend films have been 
presented. Here, the relative blend films stability will be compared to the performance of 
OPV devices with analogous active layer blends. Figure 4.11 shows the rate of 
photobleaching in PCDTBT and SiIDT-BT blend films (Left), and the drop in efficiency for 
the respective devices (Right) under comparable ageing condition. The photochemically 
stable PCDTBT blend film shows an equivalently small (~10%) drop in device efficiency. 
However, the significantly less stable SiIDT-BT blend film with ~45% decrease in 
absorbance, also exhibits a mere 10% drop in device efficiency over the same irradiation 
timescale. This is surprising as both the significant reduction in light absorbance and the loss 
in conjugation (blue-shift in absorbance spectrum) of SiIDT-BT blend film, were expected to 
have drastic effect on the device photocurrent. Thus, the addition of Al electrode layer may 
have provided some protection against photodegradation of the active layer blends, possibly 
by impeding oxygen ingress into the active layer. With extended study of almost 10-fold 
longer exposure time to light and oxygen, SiIDT-BT device becomes noticeably less stable 
than PCDTBT device, as shown in Figure 4.2. This prolonged accelerated degradation study 
shows that the trend of decreasing efficiency in PCDTBT and SiIDT-BT devices becomes 
more similar to that of relative photochemical stability in films, implying that that the 
electrode may have kinetically slowed down the diffusion of oxygen into the active layer. 
 
Figure 4.12: The rate of decrease in device efficiency for PCDTBT (1:2) and SiIDT-BT (1:4) blend 
films with PC71BM under 28% oxygen, low humidity (~4%) and white light irradiation over 33 hours. 
(With permission from Nurlan Tokmoldin and Scot Wheeler). 
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4.4 Discussion 
Comparing the film properties and rate of photodegradation in neat films, it is apparent that 
the most stable polymers are highly crystalline, with no observable triplet formation. The 
superior photostability of more crystalline polymers may be attributed to the absence of 
triplet-mediated degradation pathway. Additionally, it may stem from the lower oxygen 
solubility, which can reduce the rate of photo-oxidation.  
For the more amorphous polymers studied herein, the faster rate of photodegradation may be 
associated with the oxygen quenching of polymer triplet exciton which can lead to singlet 
oxygen generation. Indeed, numerous literature studies have reported on singlet oxygen 
generation via triplet excitons as the main degradation route in various polymers used for 
optoelectronic applications.
9,10,23,41,42
 Some reports that have shown no involvement of singlet 
oxygen on photodegradation are found to employ Rr-P3HT, which does not exhibit long-
lived triplet excitons.
7,35
 In addition, the very low polaron yields that were observed in the 
neat films suggests that polaron mediated superoxide generation is unlikely to be a significant 
degradation pathway. However, there is no clear quantitative correlation being observed 
between photochemical stability, triplet photophysics and yield of oxygen quenching, 
suggesting another factor is also influencing the rate of photochemical degradation. This 
variation in photodegradation rates among the more amorphous polymers is most probably 
associated with the reactivity between singlet oxygen and the specific chemical structure of 
the polymers. For instance, the observed Si-O bond formation in degraded SiIDT-BT film 
may be a significant cause of its relative instability compared to IDT-BT, as the higher bond 
enthalpy of Si-O bond over C-O bond may drive the reaction. In addition, the poor stability of 
PTB7 may instead be related to the susceptibility of singlet oxygen in attacking electron-rich 
region that is induced by the high electronegativity of its fluorine substituent. This is in line 
with the findings of Son et al
23
 which have reported on decreasing photochemical stability 
with increasing fluorination of the polymer backbone. 
In polymer/fullerene blend films, no triplet formation via direct intersystem crossing from 
polymer singlet state could be observed, due to quenching of the singlet state by fullerene, 
which instead leads to charge photogeneration. From similar observation, several reports 
have then ruled out the photodegradation pathway via triplet mediated singlet oxygen 
generation in blend films.
6,43
 However, the same trend of relative photochemical stability 
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observed in both the neat and blend films (though blend films are mainly more stable than 
neat films), suggests that the main photodegradadation pathway in blend film may be 
identical to that in neat film. Furthermore, recombination of these photogenerated charges has 
been reported to result in the formation of triplet excitons
4,44-46
, which is analogous to the 
generation of high triplet yields from electron/hole recombination in OLED devices.
47
 Such 
triplet formation pathway, however, is not kinetically observable in our transient study as the 
typical polymer triplet lifetime is much shorter than the timescale for recombination of free 
charges. In addition, Distler et al
4
 have observed that the poorer photochemical stability in a 
blend film seems to correlate well with the higher yield of triplet formation (at low 
temperature of 80 K). This report is also consistent with our recently published work
5
 on the 
observation of high singlet oxygen generation yield in a blend film, which will be presented 
in the next chapter. Therefore, triplet mediated singlet oxygen generation is likely to be a 
significant photodegradation pathway in both the neat and blend films. 
From the study herein, a material design guideline for photochemically stable polymers can 
be elucidated. Several key considerations for such guideline include avoiding triplet mediated 
singlet oxygen generation, as well as reducing susceptibility of polymer towards photo-
oxidation. From the results in Chapter 3 and herein, a strategy to achieve these requirements 
is by increasing film crystallinity. In regards to feedback on polymer synthesis, the control of 
polymer packing in film, such as by increasing backbone planarity or optimising the 
molecular weight, may be key to producing polymers with better photostability in 
oxygen.
48,49
 Furthermore, film crystallinity can also be enhanced via film processing 
conditions such as solvent and thermal annealing.
50-53
 
In a polymer/fullerene device, the device stability is observed to be much better than 
expected from the film stability. It seems that the addition of top electrode can greatly reduce 
photodegradation of the active layer blend, possibly by slowing down the kinetics of oxygen 
diffusion into the active layer. However, prolonged study shows that device efficiency with 
the less stable active layer blend eventually deteriorates faster than the photochemically more 
stable blend film. Hence, it seems that the photochemical stability of polymer can 
significantly affect the long-term device performance, especially when device encapsulation 
fails. It is also worth noting that our study was carried out under low humidity. While higher 
level of humidity is not likely to affect the photochemical stability of polymers, it may be 
detrimental to the integrity of other device components.
1
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4.5 Conclusions 
From the results herein, a qualitative correlation has been observed between photochemical 
stability and triplet photophysics/ polymer crystallinity, where the most stable polymers do 
not exhibit long-lived triplet excitons and have relatively high crystallinity in film.  It has also 
been deduced that triplet-mediated singlet oxygen generation is more likely to be a significant 
photodegradation pathway than superoxide radical anion formation, in both neat and blend 
films. These conclusions can bring about rational design of photostable polymers in ambient 
environments, which are clearly of relevance to long-term operating stability of OPV devices 
as well as when considering the extent of costly encapsulation against oxygen ingress.  
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Chapter 5: The mechanism of 
photodegradation via triplet mediated 
singlet oxygen generation in polymer/ 
fullerene blend films. 
 
The preceding chapter has focussed on the relative photochemical stability in neat and blend 
films for a range of polymers. In this chapter, direct investigation of the mechanism of 
photodegradation is carried out for two donor polymers with contrasting photochemical 
stability, DPP-TT-T and PTB7, in neat and blend films with PCBM. Both transient optical 
studies of polymer triplet excitons and molecular probe studies of single oxygen yields are 
found to correlate well with photochemical stability of the films. However, it is rather striking 
that efficient singlet oxygen generation was observed in PTB7 blend films; this singlet 
oxygen is likely to be generated from polaron recombination mediated triplet formation. The 
relatively instabilities of PTB7 neat and blend films are therefore both attributed to triplet 
mediated singlet oxygen generation. 
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5.  The mechanism of photodegradation via triplet mediated singlet oxygen generation 
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5.1 Introduction 
From the previous chapter, the photochemical stability in neat and blend films have been 
found to vary significantly for different donor-acceptor polymers. Although the main 
photodegradation pathway in those films has been suspected to be via triplet mediated singlet 
oxygen generation, there was no direct evidence for this pathway. Therefore, this chapter 
focuses on a direct investigation of the photodegradation mechanism in the presence of 
oxygen. 
Literature studies of photodegradation pathways in semiconducting polymers have mainly 
implicated the generation of either singlet oxygen or superoxide radical anions.
1
 Singlet 
oxygen generation is known to proceed via energy transfer from a photoexcited triplet state to 
ground state oxygen, while superoxide radical anion can be formed via electron transfer from 
polaron to ground state oxygen. However, the existing photodegradation literature on 
semiconducting polymers have reported conflicting evidences on the main degradation 
mechanism. For example, Abdou et al
2
 have observed that the photobleaching of P3HT in 
solution was significantly reduced in the presence of a singlet oxygen quencher, anthracene, 
whereas Manceau et al
3
 have observed no photo-oxidation with the chemical formation of 
singlet oxygen directly on P3HT films. It is possible that this inconsistency may partly arise 
from the different reactivity of chemical quencher (or sensitiser) or singlet oxygen, in 
solution and solid states.
4
 In addition, degradation studies on poly(p-phenylenevinylenes 
(PPVs) such as MEH-PPV and BCHA-PPV, have been commonly reported to degrade via 
reaction with singlet oxygen, whereas other PPVs (including MDMO-PPV) have been 
postulated to degrade via other mechanism.
5-10
 In particular, MDMO-PPV degradation has 
been reported to proceed mainly via a radical mechanism rather than singlet oxygen 
generation.
11,12
 As such, superoxide radical anion has recently received increasing attention 
as the dominant photodegradation pathway, especially in polymer/ fullerene blend films, with 
numerous studies indicating that singlet oxygen plays a less significant role.
11-14
 
Many direct studies on the mechanism of photodegradation in polymers have employed 
various chemical probes, sensitisers and quenchers.
5,7,10,11,15,16
 However, choosing a suitable 
chemical compound for such study is not trivial; for instance, the triplet energy level of the 
sensitiser needs to be higher than that of the polymer being studied for effective generation of 
singlet oxygen. Moreover, the chemical compound needs be selective in sensitising or 
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quenching an excited species; for example, DABCO, a commonly used quencher of singlet 
oxygen has been found to also quench polymer triplet state.
10
 The difficulty in choosing an 
effective chemical compound may have led to such studies being rather limited to date, and 
also may have partly contributed to the conflicting results on the main photodegradation 
mechanism in semiconducting polymers. Here, a molecular probe for singlet oxygen, singlet 
oxygen sensor green (SOSG), is employed to compare the yield of singlet oxygen generation 
in various polymer neat films and polymer/ fullerene blend films upon irradiation. Our 
control experiment using singlet oxygen sensitisers demonstrates the reliability of SOSG 
probe (Figure 5.2). Furthermore, SOSG has been well -reported to be a highly selective 
singlet oxygen probe which does not react to superoxide radical anion.
17-19
  
Existing studies of the mechanism of photodegradation have typically employed P3HT and 
various PPVs mainly used for electroluminescent applications.
9-11
 In this study, the two 
donor-acceptor polymers used, DPP-TT-T and PTB7 are promising for OPV applications. 
DPP-TT-T is a recently developed low band gap polymer with exceptionally high charge 
carrier mobilities and efficiencies of over 7% in OPV devices.
20,21
 On the other hand, PTB7 is 
a well-studied polymer where the optimisation of device architectures and blend morphology 
with PC71BM has achieved impressive device efficiencies of over 9%.
22
 
This chapter describes a direct study of the photodegradation mechanism via triplet mediated 
singlet oxygen generation using transient absorption spectroscopy (TAS) and the fluorescent 
molecular probe, SOSG. Two donor-acceptor polymers, DPP-TT-T and PTB7, are chosen for 
this study due to their contrasting photochemical stability in both neat and blend films. The 
film photophysics and singlet oxygen generation yield are then correlated to their 
photochemical stability, and a dominant photodegradation pathway in these films is deduced.  
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5.2 Experimental details 
The solutions and films for PTB7 and DPP-TT-T were prepared as detailed in Chapter 4. 
The films were degraded by exposing to white light irradiation from Luxeon Star white LED 
(~80 mWcm
-2
) under pure oxygen environment, also as in Chapter 4. Ground state absorption 
spectra were then obtained as a function of illumination time using a UV-1601 Shimadzu uv-
vis spectrophotometer. Control data in the absence of illumination showed no measureable 
degradation. 
The fluorescence probe used for singlet oxygen detection is the Singlet Oxygen Sensor Green 
(SOSG) reagent which was purchased from Molecular Probes. This SOSG probe works by 
using a two-component approach where a trapping moiety is attached to a light-emitting 
chromophore, as shown in Figure 5.1.
17
 Before the reaction with singlet oxygen, 
intramolecular electron transfer from the trapping moiety quenches emission from the 
chromophore. After the reaction with singlet oxygen, this trapping moiety can no longer act 
as electron donor so emission from the chromophore is readily observable. 
 
Figure 5.1: Upon reaction of SOSG with singlet oxygen, the endoperoxide (EP) of SOSG is formed. 
Before reacting with singlet oxygen, intramolecular electron transfer quenches the emission from light 
emitting chromophore. After the reaction with singlet oxygen and the formation of the endoperoxide, 
electron transfer can no longer occur and strong emission can be observed. (Taken from reference 
17
) 
121 
 
 
In the preparation of SOSG stock solution, a 100 µg vial of SOSG was dissolved in 33 µL of 
methanol to get a concentration of ~5 mM. The stock solution was then diluted with 
deionised water to 0.5 µM as reported by Manceau et al.
3
 Control experiments (Figure 5.2) 
with two well-known singlet oxygen sensitisers, rose Bengal and methylene blue, were 
performed by dissolving the powders in water at 25 and 14 µg.ml
-1 
respectively, before 
mixing into the SOSG solution. Figure 5.2 shows that the SOSG and sensitisers mixture has 
demonstrated an increase in green fluorescence (~ 525 nm), which is characteristic of the 
detection of singlet oxygen yield by SOSG upon irradiation in ambient air. 
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Figure 5.2: Control experiment which shows the reliability of SOSG solution in responding to the 
presence of singlet oxygen, by employing two widely used singlet oxygen sensitisers- rose Bengal and 
methylene blue. The data shows changes in fluorescence intensity of SOSG solution at 525 nm (after 
excitation at 504 nm) as a function of irradiation time. 
A schematic of the setup for probing singlet oxygen generation in film is shown in Figure 5.3. 
The films were immersed into the SOSG solution and irradiated at ~80 mWcm
-2
 (wavelength 
below 510 nm were filtered out to minimise self-excitation of the SOSG solution). 
Fluorescence spectra of the SOSG solution in a quartz cuvette (same as used in TAS) were 
then obtained using a Horiba Jobin Yvon spectrofluorimeter at an excitation wavelength of 
504 nm.  
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Figure 5.3: A schematic of the setup for probing singlet oxygen generation with the molecular probe, 
SOSG. Singlet oxygen that is formed upon film excitation will dissolve into the SOSG solution and 
can be detected by a fluorescence spectrometer. 
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5.3 Results  
5.3.1 Photophysical study of DPP-TT-T / PTB7 neat and blend films  
Transient absorption studies were carried out on DPP-TT-T and PTB7 in neat and blend 
films. Figure 5.4 shows the photoinduced absorption spectra of PTB7 in neat and blend films 
at 1 µs. The photoinduced absorption bands of the neat and blend films are much overlapped, 
with slightly distinct absorption maxima at 1130 nm and 1160 nm respectively. Transient 
decay kinetics, probed at the photoinduced absorption maximum of PTB7 neat film, exhibits 
a monoexponential decay function as shown in Figure 5.5 (Left). This monoexponential 
decay kinetic of PTB7 neat film has a lifetime of 1.2 µs which accelerates to 0.7 µs in the 
presence of oxygen. As discussed in Chapter 3, this photoinduced absorption band in PTB7 
neat film which is sensitive to oxygen and decays monoexpoentially, is characteristic of the 
polymer triplet state T1 → Tn absorption. Note that this quenching of the polymer triplet state 
by molecular oxygen has the potential to yield singlet oxygen.  In PTB7: PC71BM blend 
films, the transient decay kinetic follows a power law decay which is not oxygen sensitive, as 
shown in Figure 5.5 (Right). Such power law decay is characteristic of non-geminate 
recombination of dissociated charges or polarons.
23
 Therefore, the PTB7 blend film shows 
high yield of charge generation and no sign of triplet formation via direct intersystem 
crossing (ISC) from the polymer singlet state as observed in the neat film.  
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Figure 5.4: Normalised transient absorption spectra of PTB7 neat and PTB7: PC71BM (1:1.25) 
blend films at 1 µs after laser excitation, and pumped at 630 nm under nitrogen atmosphere. 
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Figure 5.5: Transient decay kinetics under nitrogen and oxygen atmospheres for (Left) PTB7 neat 
and (Right) PTB7: PC71BM blend films, measured using excitation density of 43 µJcm
-2
 and 1.4 
µJcm
-2
 respectively. The broken grey lines represent fitting to a (Left) monoexponential equation, 
            ⁄   and (Right) power decay law         . Data were pumped at excitation 
wavelength of 630 nm and probed at 1200 nm. 
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Figure 5.6: Transient decay kinetics of (Left) DPP-TT-T neat and DPP-TT-T: PC71BM (1:2) blend 
films under nitrogen atmosphere, (Right) DPP-TT-T: PC71BM blend film under nitrogen and 
oxygen atmospheres. The broken grey line is fitting to a power decay law         . Data were 
pumped at 640 nm with excitation density 3.3 µJcm
-2
 and probed at 980 nm. 
In the DPP-TT-T neat film, no transient absorption signal can be observed on the same 
microsecond timescale (Figure 5.6 Left), in contrast to the high triplet signal of PTB7 neat 
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film. This is likely due to the very short-lived triplet lifetime that is within our instrumental 
limit, as typically observed in such crystalline polymer (see Chapter 3). The lack of long-
lived excited species in the DPP-TT-T neat film may inhibit both singlet oxygen generation 
and superoxide radical anion formation. On the other hand, the blend film of DPP-TT-T 
exhibits a similar transient decay kinetic to PTB7 blend film, which follows a power law and 
is not sensitive to oxygen, indicating the presence of dissociated charges. Due to the similar 
film photophysics, it might be expected that the photochemical stability of PTB7 and DPP-
TT-T blend films would not differ greatly; it is shown below that this is not the case. 
 
5.3.2 Comparing the rate of photodegradation in neat and blend films  
The photochemical stability of both DPP-TT-T and PTB7 in neat and blend films are 
compared. The blend films of DPP-TT-T and PTB7 demonstrate markedly different 
photobleaching behaviour under oxygen atmosphere, as shown in Figure 5.7. PTB7 blend 
film exhibits a drastic reduction in the amplitude of the polymer’s absorption maximum at ~ 
680 nm, with a blue-shift in absorption energy indicating a loss in conjugation. The 
photobleaching at around PC71BM absorption region (< 500 nm), however, is much less 
significant, which is in line with the good photochemical stability of PC71BM, as presented in 
the previous chapter.  On the other hand, DPP-TT-T blend film does not exhibit any 
noticeable change in absorption spectra over the same photodegradation duration. The 
photochemical stability of the neat films was observed to follow the same trend as the blend 
films in either polymers. The rate of photodegradation in the neat and blend films of DPP-
TT-T and PTB7 under accelerated ageing conditions were then monitored at the amplitudes 
of the respective polymers’ absorption maxima. Comparing the rate of photodegradation as 
shown in Figure 5.8, it is apparent that both the neat and blend films of PTB7 degrade 
significantly faster than the neat and blend films of DPP-TT-T. The difference in 
photochemical stability of the neat films is consistent with their film photophysics, but the 
striking difference between the degradation rates in blend films is rather surprising, as will be 
further discussed.  
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Figure 5.7: Change in uv-vis absorption spectra of (Left) DPP-TT-T:PC71BM (1:2) and (Right) 
PTB7:PC71BM (1:1.25) blend films under oxygen atmosphere as a function of white light (λ > 410 
nm, 80 mWcm
-2
) irradiation time. 
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Figure 5.8: Rate of decrease in ground state absorption spectra for DPP-TT-T and PTB7 neat films as 
well as blend films with PC71BM, under oxygen atmosphere and white light irradiation (λ > 410 nm, 
80 mWcm
-2
). 
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5.3.3 Probing singlet oxygen generation  
In order to investigate whether singlet oxygen plays a role in the photochemical stability of 
DPP-TT-T and PTB7, a fluorescent molecular probe SOSG is employed for this study. When 
the SOSG aqueous solution is exposed to singlet oxygen, an emission peak can be detected at 
525 nm after exciting the solution at 504 nm, where the peak intensity is directly proportional 
to yield of singlet oxygen.  To investigate singlet oxygen generation, a film was immersed 
into the SOSG solution and degraded in ambient air with irradiation of λ > 550 nm (to avoid 
self-excitation of SOSG), subsequently the fluorescence spectrum of the SOSG solution was 
monitored over time. Figure 5.9 shows a typical change in the fluorescence spectrum of the 
SOSG solution as a function of degradation time of a PTB7 blend film.  The increasing 
emission yield at ~525 nm indicates that the generation of singlet oxygen during the 
photodegradation of the  PTB7 blend film.  
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Figure 5.9: Change in fluorescence spectrum of the singlet oxygen sensor green (SOSG) solution as a 
function of irradiation (λ > 550 nm) time on PTB7:PC71BM blend film in ambient air. 
Similar photodegradation studies with the SOSG probe solution as shown in Figure 5.9 were 
repeated on all the neat and blend films studied herein. Immersion of films in the absence of 
light showed no observable change in the fluorescence spectrum. The rate of singlet oxygen 
generation for all the films is determined by the change in emission yield at 525 nm. A 
comparison of the rates of singlet oxygen generation among the films are shown in Figure 
5.10, and found to vary significantly between different polymers. Both PTB7 neat and blend 
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films generate substantially more singlet oxygen than the control data, while DPP-TT-T neat 
and blend films only exhibit comparable singlet oxygen generation to the control data. These 
rates of singlet oxygen generation are also found to correlate well with the trends in 
photochemical stability as seen in Figure 5.8. From these observations, the efficient singlet 
oxygen generation in PTB7 neat and blend films seem to have resulted in the much poorer 
photochemical stability than in DPP-TT-T films. It is also rather surprising that PTB7 blend 
films exhibit the most efficient singlet oxygen generation despite the lack of observable 
triplet excitons in the transient study. 
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Figure 5.10: Normalised fluorescence intensity of SOSG solution at 525 nm as a function of 
irradiation time on DPP-TT-T and PTB7 neat films as well as blend films with PC71BM. 
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5.4 Discussion 
In neat films, photophysical studies have revealed high triplet formation for PTB7. However, 
no transient species can be observed for DPP-TT-T. In terms of energetics, the triplet state of 
PTB7 (singlet state ES ~ 1.7 eV, ΔES-T ~ 0.4 – 0.7 eV)
24,25
 should be sufficiently energetic to 
generate singlet oxygen (0.98 eV), whereas DPP-TT-T triplet state (ES ~ 1.4 eV) even if 
formed, should be too low in energy. In addition, the PTB7 triplet state is also long-lived 
enough to be quenched by oxygen. This is consistent with the considerably higher yield of 
singlet oxygen generation in the PTB7 neat film than in the DPP-TT-T neat film, as detected 
by SOSG. It is also worth noting that the lack of observable polaron signal in both polymers’ 
neat films suggests that the potential of superoxide formation is very low. Therefore, the 
much poorer photochemical stability of PTB7 neat film compared to DPP-TT-T should stem 
from triplet mediated singlet oxygen generation. As depicted in Figure 5.11, the 
photoinduced polymer singlet state can undergo efficient ISC to form polymer triplet state in 
PTB7 neat film, followed by energy transfer with molecular oxygen to generate singlet 
oxygen which can then degrade the chemical structure of PTB7. 
In blend films, both PTB7 and DPP-TT-T exhibit high charge generation yields with no sign 
of triplet formation in transient data. In PTB7 blend film, this charge dissociation competes 
effectively with triplet formation by direct ISC from the singlet state as observed in the neat 
film. It is therefore particularly striking that efficient singlet oxygen generation has been 
observed in PTB7 blend film. Conversely, the observed non-geminate recombination of 
polarons can also yield either polymer or fullerene triplet excitons,
26,27
 analogous to such 
excitons widely reported in organic electroluminescent devices.
28
 Such triplet formation 
could not be directly observed in our transient data, as the triplet lifetime is shorter than the 
non-geminate recombination timescale. This triplet formation pathway via polaron 
recombination can proceed through the formation of triplet charge transfer state, as has been 
widely demonstrated in OPV charge generation studies.
27,29,30
 Furthermore, this 
recombination mediated triplet formation may have higher quantum yield than direct 
intersystem crossing, as will be presented in the next chapter, consistent with the poorer 
photochemical stability in PTB7 blend film than in the neat film. Therefore, the rapid 
photochemical degradation of PTB7 blend film should be attributed to this polaron mediated 
triplet formation which is then quenched by molecular oxygen for efficient singlet oxygen 
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generation. This triplet mediated photodegradation pathway in PTB7 blend film is illustrated 
in Figure 5.11.  
In OPV devices, the efficiency of this polaron-mediated triplet generation is likely to be 
dependent upon the device operating conditions, and is likely to be most significant as the 
device approaches open circuit voltage, where non-geminate recombination is the dominant 
loss pathway. To date, most literature on OPV device stability have focused on improving 
electrode stability, with less attention paid to determining the photochemical stability of the 
active layer. Here, the two donor polymers being studied are rather promising in terms of 
device efficiency, but found to exhibit strikingly different susceptibilities to photochemical 
degradation. This difference in photochemical stability of the active layer blend is likely to 
impact upon the long term stability of OPV devices employing these polymers and their 
requirements for encapsulation.  For the polymers studied herein, a strategy to avoid triplet-
mediated singlet oxygen generation would be to reduce triplet exciton lifetime by increasing 
the film crystallinity, as has been discussed in the previous chapters. 
 
 
Figure 5.11: A model to describe the photodegradation pathway via triplet mediated singlet oxygen 
generation. (1) Triplet is formed via direct intersystem crossing (ISC) from the singlet state in neat 
film, while (2&3) charge recombination of dissociated charges can form triplet state in blend film. 
Depending on triplet energy and lifetime, (4) oxygen quenching of the polymer triplet states can result 
in singlet oxygen generation and polymer degradation. 
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5.5 Conclusions 
In this chapter, two promising donor-acceptor polymers, DPP-TT-T and PTB7, have been 
studied in order to determine their mechanism of photodegradation. The results indicated that 
PTB7 neat and blend films are significantly less stable than DPP-TT-T neat and blend films. 
Transient photophysical study and singlet oxygen generation data have then revealed that the 
relative instability of PTB7 films is attributed to singlet oxygen generation via triplet 
excitons. The surprisingly efficient singlet oxygen generation in PTB7 blend film is assigned 
to polymer triplet formation via non-geminate recombination of polarons. These conclusions 
can have significant implications on the design of polymers for photochemically stable OPV 
devices in the presence of oxygen.  
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Chapter 6: Charge photogeneration in 
polymer/fullerene blend films 
 
In previous chapters, the photophysics of donor polymers in neat films have been studied. 
This chapter presents the photophysical study of blend films with PCBM and PC71BM, 
employing broadly the same set of polymers as previously. From TAS measurements, charge 
photogeneration in these blend films can be elucidated. Firstly, compositional dependence of 
PCBM in blend films was studied with two donor-acceptor polymers of different film 
crystallinity. These blend films are found to exhibit distinctive photophysical properties, 
where charge generation in the amorphous blend films was observed to be more strongly 
dependent on PCBM compositions than the more crystalline blend films. The efficiency of 
charge generation via electron or hole transfer was also investigated by comparing TAS and 
EQE measurements in blend films and devices. It was found that the energetics of the donor 
and acceptor can impact upon the dominant charge generation pathway. This is consistent 
with the observed correlation between the driving energy for charge separation as determined 
from donor/acceptor energy offsets and the polaron yield as estimated from TAS. 
Furthermore, our assay of charge generation yield from TAS has demonstrated good 
prediction of the device photocurrent.    
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6.1 Introduction 
This chapter focuses on charge generation in polymer/fullerene blend films with PCBM and 
PC71BM. These fullerene derivatives are widely used as electron acceptor in polymer based 
solar cells due to the ability to undergo ultrafast photoinduced charge transfer as well as 
exhibiting high electron mobility.
1
 Currently, most of the OPV devices with high efficiency 
employ blends with donor-acceptor polymers and PC71BM. 
2-4
 The superior performance of 
PC71BM over PCBM has mainly been attributed to the broader light absorption of PC71BM. 
Nevertheless, PCBM has lower material cost and the weaker overlap in absorption with donor 
polymers allows for selective excitation of either the donor or acceptor in photophysical 
study; one such study will be presented in the next section. Hence, both PCBM and PC71BM 
are used for our studies herein. Moreover, charge generation in blend films with PC71BM has 
been found to proceed via an additional pathway compared to PCBM. Several literatures have 
reported that charge generation from PC71BM via HOMO to HOMO hole transfer can be 
more efficient in some polymers/PC71BM blends than the conventional LUMO to LUMO 
electron transfer which is commonly observed in polymer/PCBM blends.
5-7
 The efficiency of 
charge generation from either fullerenes or polymers may largely depend upon the energetics 
of donor and acceptor used as will be discussed in this chapter.  
The active layer blends in optimised polymer/fullerene solar cells typically comprised of 50% 
to 80% fullerene loading by weight. The optimum fullerene loading with each polymer has 
always been obtained by repeated device making attempts with different loadings. In order to 
reduce the efforts required to optimise the device blend composition for every new polymer 
being synthesised, understanding of the compositional dependence in blend films are 
essential. In the literature, detailed photophysical studies on compositional dependence of 
fullerenes have been rather limited, with the existing studies mainly employing polymers 
from the class of polyfluorene, PPV and polythiophene.
8-12
 Photophysical study of MDMO-
PPV and PF10TBT polymers with several PCBM loadings have been reported by Scharber et 
al
8
 and Veldman et al
9
 repectively. At low PCBM loading, both groups have observed the 
formation of intermediate CT excited states, low polaron yields, as well as high yield of 
triplet excitons which are likely to be formed via recombination of the CT states. Instead, 
only high polaron yields was observed at high PCBM loading with no sign of triplet exciton 
being present. The vastly different photophysics may be explained in term of blend 
morphology which is consistent with the models proposed by Mayer et al
13
 and Jamieson et 
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al
14
. At low fullerene loading, polymer and fullerene are finely mixed due to fullerene 
intercalation which may result in poor charge dissociation, despite having good charge 
transfer efficiency. With increasing fullerene loading, pure fullerene domains which are 
present (in addition to the finely mixed phase) can facilitate charge separation while 
minimising charge recombination. Mayer et al
13
 has also suggested that more amorphous 
polymers such as MDMO-PPV may have larger free space between their side chains to allow 
for fullerene intercalation such that a high PCBM loading of 80% is required to achieve phase 
separation. On the other hand, more crystalline polymers such as P3HT may be less miscible 
with fullerene, thus a lower PCBM loading of 50% is sufficient to create the optimum 
morphology for charge separation. In this study, different photophysical behaviours for 
compositional dependence of PCBM have been observed between two promising donor-
acceptor polymers of contrasting polymers’ crystallinity. 
Charge generation yield in optimised polymer/fullerene blends can still vary greatly 
depending on the donor polymers used. Polymer properties such as ionisation potential (IP), 
bandgap, crystallinity and charge carrier mobility are among many factors that may affect the 
efficiency of charge generation.
11,12,15-19
 Studies on the effect of energy levels on charge 
generation have received much attention, and are particularly interesting for donor-acceptor 
class of polymers as the flexibility in synthesis allows for better control in tuning the energy 
levels. In blends, modification of the polymer’s IP can change the energy of charge separated 
state (and Voc) which is defined as the difference in energy between polymer IP and 
fullerene electron affinity (EA). Studies on polyfluorene and polythiophene polymers with IP 
ranging from 4.8 to 5.9 eV have found that the energy of charge separated state for higher IP 
polymers may be too large for efficient charge dissociation as recombination of CT states to 
form polymer or PCBM triplet excitons are more favourable.
11,20
 Conversely, polymers with 
smaller IP may affect device performance due to lower Voc.
21,22
 In addition, the LUMO (or 
HOMO) levels offset between donor and acceptor can determine the driving energy for 
charge separation (ΔEcs) which have been reported to give good correlation with charge 
generation yield.
20,23-25
 Such correlations have not yet been systematically explored for 
extensive range of donor-acceptor type polymers and will be demonstrated later in this 
chapter. Charge generation yields estimated from the microsecond TAS system employed for 
this thesis have previously shown rather good prediction of device photocurrent with mainly 
polythiophene polymers.
26
 Here the generality of this correlation will be further validated for 
a comprehensive range of donor-acceptor polymers when blended with fullerene. Thus the 
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study of charge photogeneration with TAS can have direct and significant impact in 
developing highly efficient solar cells. 
In this chapter, charge generation in polymer/fullerene blend films is studied using TAS. 
Firstly, detailed photophysical study was conducted on two donor-acceptor polymers of 
different crystallinity with various PCBM loadings. Then the efficiency of charge generation 
pathways via either electron or hole transfer will be compared in blend films for the two 
polymers with PCBM / PC71BM at different excitation wavelengths, and the result will be 
addressed in terms of the polymers’ energy levels. In order to establish a relationship between 
polymers’ properties and device performance, an extensive range of donor-acceptor polymers 
(Table 6.1) in blend films have been studied. A correlation between driving energy for charge 
separation, ΔEcs with polaron yield will be demonstrated. Furthermore, the polaron yield 
estimated from TAS is compared to device photocurrent for evaluation on the reliability of 
TAS in predicting device performance.  
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6.2 Experimental details 
The donor-acceptor polymers employed in this chapter are listed in Table 6.1 and the 
chemical structures are shown in Figure 2.1. Solutions for polymer/PC71BM blend films were 
prepared at the optimised blend ratio as shown in Table 6.1. Similar conditions were used for 
PCDTBT/PCBM (9–18 mg/ml) and DPP-TT-T/PCBM (16-45 mg/ml) films with various 
PCBM loadings, except the concentrations of solutions were reduced for lower PCBM 
loadings, to maintain consistency in film thicknesses. Film and device fabrication methods 
are detailed in Chapter 2. 
Table 6.1. Details on the preparation of solutions used for spin coating blend films.  
Polymers PC71BM 
(%wt.) 
Solvent Concentration 
(mg/ml) 
GeIDT-BT 80 DCB 80 
SiIDT-TBTT 80 CB 75 
APFO3 80 CB 50 
PCDTBT 67 CF 18 
PTB7 56 CB(+3%DIO) 25 
SiIDT-BT 80 DCB 75 
C2C6IDT-BT 78 DCB 75 
C16IDT-BT 78 DCB 75 
bisTPD-T-T 67 CF 15 
SiIDT-DPP 80 CB 80 
DPP-TT-T 67 CF 18 
DPP-T-TT 80 CB 75 
DPP-TTB 80 CB 75 
 
A summary of film properties for the range of donor-acceptor polymers employed in this 
chapter are listed in Table 6.2. The ionisation potentials (IP) were measured by Scott Watkins 
using PESA with an intensity of 2 nW on spin coated neat films.  The optical band gaps, ES 
were estimated from the midpoints of first vibrational bands of absorption and emission 
spectra.  
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Table 6.2. Properties of donor polymers in neat films. 
Polymers IP
 
(eV) 
Es 
(eV) 
GeIDT-BT 5.3 1.8 
SiIDT-TBTT 5.4 1.81 
APFO3 5.5 1.88 
PCDTBT 5.5 1.94 
PTB7 5.15 1.73 
SiIDT-BT 5.5 1.9 
C2C6IDT-BT 5.4 1.8 
C16IDT-BT 5.4 1.82 
bisTPD-T-T 5.7 2.0 
SiIDT-DPP 5.1 1.55 
DPP-TT-T 5.06 1.4 
DPP-T-TT 5.4 1.4 
DPP-TTB 5.2 1.55 
 
The techniques used in this chapter including TAS, steady state absorption and emission 
spectroscopies, and WAXD are detailed in Chapter 2. External Quantum Efficiency (EQE) 
measurements were also performed on devices (see Chapter 2 for device fabrication), using a 
100 W Tungsten-Halogen lamp (Bentham IL1 with Bentham 605 stabilised current power 
supply) and a computer controlled monochromator (Bentham M300). The incident light 
intensity was calibrated against a UV enhanced silicon photodiode. Second order diffraction 
from the monochromator was removed with a long pass filter. Photocurrent was measured 
using a Keithley 2400 source meter. EQE measurements were conducted by co-workers 
Zhenggang Huang, Shahid Ashraf, Chinghong Tan and Nurlan Tokmoldin. 
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Results and discussion 
6.3 Compositional dependence with PCBM 
 In Chapter 3, transient spectroscopy studies on neat polymer films have demonstrated that 
the photophysics of polymer triplet excitons can vary with film crystallinity. These transient 
studies are now extended to blend films with PCBM, considering first the dependence upon 
PCBM composition for two representative polymers with different crystallinities. PCDTBT is 
a relatively amorphous polymer while DPP-T-TT is much more crystalline, as shown by the 
x-ray diffraction strength in Figure 6.1 for both neat (also shown in Figure 3.1) and blend 
films. The diffraction peaks at around q=0.35 Å
-1
 and q=1.33 Å
-1
 correspond to diffraction 
from polymers and PCBM respectively.
27-29
 The energy levels of both polymers are 
summarised in Table 6.2. 
0.5 1.0 1.5
0
20k
40k
60k
0.5 1.0 1.5 2.0
0
5k
10k
15k
 DPP-T-TT blend
 PCDTBT blend
q/ Å
-1
C
o
u
n
ts
 DPPT-TT
 PCDTBT
C
o
u
n
ts
q / Å-1
Figure 6.1: Wide-angle x-ray scattering data on DPP-T-TT and PCDTBT in neat films and blend 
films with 80% and 67% PCBM respectively. The scattering vector q was determined from the 
scattering angle by q = (4π/λ)sin(θ). 
PCDTBT is a relatively amorphous donor-acceptor polymer of poly(2,7-carbazole) derivative 
and is now widely studied in the literature. Compared to P3HT, the deeper HOMO energy 
level of PCDTBT enables higher VOC to be achieved in devices. The internal quantum 
efficiency of PCDTBT device has been reported to be approaching unity which implies that 
almost every photon being absorbed can give rise to free charge carriers and be collected at 
the electrodes.
30
 So far, device efficiencies of around 6-7% have been achieved with optimum 
fullerene loadings of 67-80% by weight.
30-32
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DPP-T-TT is a donor-acceptor polymer with diketopyrrolopyrrole (DPP) as the electron 
accepting moiety. Polymers based on DPP moiety have attracted considerable interest for 
optoelectronic applications. The DPP polymers developed for OPV applications usually 
exhibit superior light absorption that extends into the near-IR region; hence OPV device 
efficiency up to 8% has been achieved.
4,33,34
 The crystalline DPP-T-TT polymer employed in 
this study has an ultra-low band gap of ~1.4eV with high charge carrier mobility for good 
transport.
35
 Device efficiency up to 6.9% has also been reported for DPP-T-TT blended with 
PC71BM.
36
 
 
6.3.1 Amorphous PCDTBT/ PCBM films  
 
Figure 6.2: Ground state absorption spectra of neat PCDTBT film and blend films with various 
PCBM loadings, normalised to the low energy absorption peak amplitude.  
The ground state absorption spectra of PCDTBT with 0-80% PCBM loadings are shown in 
Figure 6.2. In neat polymer film, the absorption maximum is at around 570 nm and 400 nm. 
At higher PCBM loading, there is increasing absorption in the UV region (λ < 400 nm) 
relative to the polymer band at 570 nm, ascribed to PCBM absorption. These absorption 
bands are structureless and do not exhibit any shift in wavelength, suggesting no sign of 
crystallinity or aggregation with the addition of PCBM. This is consistent with the XRD data 
(Figure 6.1) which shows poor molecular ordering in PCDTBT neat and blend films. 
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Figure 6.3: Photoluminescence spectra of neat PCDTBT film and blend films with various PCBM 
loadings, excited at 560 nm.  
Photoluminescence spectrum of neat PCDTBT in Figure 6.3 shows an emission band at ~680 
nm. With the addition of 5% PCBM, 97% of the polymer emission is quenched and there is a 
slight blue shift in the emission band which is indicative of a change in film morphology.  
Full (> 99%) quenching of polymer emission occurs at PCBM loadings above 5%. The 
highly efficient PL quenching suggests a finely mixed nanomorphology in blend films, 
consistent with the amorphous nature of PCDTBT. 
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Figure 6.4: Transient absorption spectra of neat PCDTBT and blend films with 5% and 67% PCBM, 
measured at 1µs after laser excitation and pumped at 560 nm under nitrogen atmosphere. 
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Figure 6.5: Transient decay kinetics of neat PCDTBT and blend films with various PCBM loadings, 
pumped at 560 nm with excitation density 3 µJcm
-2
 and probed at 980 nm under nitrogen atmosphere. 
Decay kinetic of 80% blend film has been fitted to a power decay law          . Values of ΔOD 
have been normalised for the amount of photons absorbed.  
Transient absorption spectroscopy was employed to identify the transient species in neat and 
blend films after photoexcitation. As seen in Figure 6.4, the transient absorption spectrum of 
neat PCDTBT film exhibits an absorption band at around 1050 nm, measured at 1 µs after 
photoexcitation. As discussed in Chapter 3, this oxygen sensitive absorption band in neat film 
is assigned to polymer triplet state with monoexpoential decay lifetime of around 1 µs in the 
absence of oxygen.  
For blend films with 5% and 67% PCBM, the broader photoinduced absorption bands are 
centered at around 1000 nm (Figure 6.4). Transient decay kinetics of 5% blend films probed 
at 980 nm shows biphasic decay as seen in Figure 6.5 and 6.6. The faster decay phase (< 5 
µs) is oxygen sensitive (Figure 6.6) and has monoexponential lifetime of ~1 µs, similar to the 
decay of triplet state in neat film. On the other hand, the slower decay phase (> 5 µs) is not 
affected by the presence of oxygen (Figure 6.6) and follows a power decay law           
which is characteristic of non-geminate recombination of dissociated charges. Thus the broad 
photoinduced absorption band of 5% blend films is attributed to both polymer triplet states as 
well as dissociated polarons. Blend films with 20% and 50% PCBM also show similar 
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biphasic decay kinetics and oxygen quenching behaviours to 5% blend films, as illustrated in 
Figure 6.6, hence both polymer triplet states and polarons should be present. At high PCBM 
loadings, transient decay kinetics of 67% and 80% blend films probed at 980 nm only exhibit 
power law decay           which is seen as a linear fit on log-log scale in Figure 6.5 and 
are not quenched in the presence of oxygen (Figure 6.6). Thus, polarons should be the main 
transient species present in blend films with high PCBM loadings on microsecond timescales. 
 Figure 6.6: Transient decay kinetics under nitrogen and oxygen atmosphere for blend films with (top 
left) 5% PCBM, (top right) 20% PCBM, (bottom left) 50% PCBM and (bottom right) 80% PCBM. 
Data were collected at excitation energy 10 µJcm
-2
, pumped at 560 nm and probed at 980 nm. Note 
that higher excitation density is used here for more pronounced oxygen quenching effect. 
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Figure 6.7: (Left) Excitation density dependence for PCDTBT with 80% PCBM, pumped at 560 nm 
and probed at 980 nm under nitrogen atmosphere. (Right) Normalised signal amplitude of neat 
PCDTBT and blend films with 5% and 80% PCBM at 0.4 µs. 
The assignment of the transient species present in neat and blend films can be further 
confirmed by their excitation density dependences. The decay kinetics of PCDTBT with 80% 
PCBM at different excitation densities are shown in Figure 6.7 (left) while the normalised 
signal amplitude at 0.4 µs as a function of excitation density is shown on the right plot. The 
decay of 80% blend film has approximately linear dependence on excitation density for E≤ 3 
µJcm
-2
 whereas saturation of signal amplitudes occurs at higher excitation density. Such 
excitation density dependence of 80% blend film is characteristic of trap-limited non-
geminate recombination of dissociated charges, as has been reported previously for MDMO-
PPV.
37
 In neat film, there is a linear dependence of signal amplitude with excitation density 
for E≤ 13 µJcm-2 consistent with the first order (monoexponential) decay kinetics expected 
for triplet decay at low excitation densities. At E≥ 13 µJcm-2, the decay kinetic of the neat 
film becomes faster and more biexponential due to triplet-triplet annihilation (as discussed in 
Chapter 3), thus resulting in a sublinear excitation density dependence of neat film. For 5% 
blend film, the excitation density dependence is almost linear below 10 µJcm
-2
, follows by 
saturation in signal amplitude at higher excitation density. The excitation density dependence 
of 5% blend film seems to be a combination of both neat and 80% blend films, consistent 
with the presence of both triplet states and polaron yield. 
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Figure 6.8: Triplet amplitude (left axis, blue) and polaron amplitude (right axis, black), estimated 
from ΔOD of transient decay kinetics (3 µJcm-2) by taking averages from 0.4-0.9 µs (after subtracting 
for slow phase amplitude) and 10-20 µs respectively, as a function of PCBM loadings. It is assumed 
that polaron is negligible in the neat film and triplet exciton is absent in the 80% blend film. 
In summary, triplet excitons are the main photoexcited species present in neat film, both 
triplet and polaron are present in 5-50% blend films while mainly polarons are present in 
80% blend film. Changes in the amplitude of triplet and polaron from 0% to 80% PCBM 
blend compositions with PCDTBT are plotted in Figure 6.8. With the addition of 5% PCBM, 
there is enhanced triplet yield formation compared to neat film. The almost full PL quenching 
with 5% PCBM and the enhanced triplet amplitude indicate that triplet formation in 5% blend 
film is very likely to occur via geminate recombination of CT state, rather than the direct 
intersystem crossing from polymer singlet state which takes place in neat film. Further 
addition of PCBM results in decreasing triplet amplitude, while the polaron amplitude 
gradually increases to a maximum at 80% PCBM. Both trends suggest that charge 
dissociation becomes more efficient than geminate recombination of CT state with increasing 
PCBM loading, hence high polaron yield with negligible triplet exciton is present in 80% 
blend film. 
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6.3.2 Crystalline DPP-T-TT/ PCBM films 
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Figure 6.9: Ground state absorption spectra of neat DPP-T-TT film and blend films with various 
PCBM loadings. 
The ground state absorption spectra of crystalline DPP-T-TT polymer with different PCBM 
loading are shown in Figure 6.9. The neat film of DPP-T-TT has a broad absorption band at 
around 700-800 nm. As DPP-T-TT is a low band gap polymer, the more red-shifted 
absorption band compared to PCDTBT allows for better overlap with solar spectrum. In 
blend films with 5%, 50% and 80% PCBM, there is increasing absorption in the UV region 
(< 400 nm) due to PCBM absorption. There is no shift in the absorption bands of neat and 
blend films, which indicates that no drastic change in film crystallinity arises from the 
addition of PCBM, consistent with the XRD data shown in Figure 6.1.  
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Figure 6.10: Normalised photoluminescence spectra of neat DPP-T-TT film and blend films with 
various PCBM loadings, excited at 700 nm. 
The photoluminescence spectrum of DPP-T-TT neat film shows a broad emission band 
centered at around 1030 nm. With an addition of 5% PCBM, there is 10% PL quenching and 
with 80% PCBM the quenching only increases to 41%. The poor PL quenching of crystalline 
DPP-T-TT may be due to miscibility issue with PCBM, resulting in domains that are too 
large for exciton diffusion to reach an interface before it decays to ground state.
13
 This is in 
contrast to the full PL quenching of amorphous PCDTBT emission which may be due to 
more finely mixed blend morphology with PCBM. Another possibility for the poor PL 
quenching could be related to the energy levels offset between DPP-T-TT and PCBM being 
too low to drive exciton quenching. 
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Figure 6.11: Transient decay kinetics of neat DPP-T-TT and blend films with various PCBM 
loadings, pumped at 700 nm with excitation density 3 µJcm
-2
 and probed at 1140 nm under nitrogen 
atmosphere. Decay kinetic of 80% blend film has been fitted to a power decay law         (grey 
line). Values of ΔOD have been normalised for the amount of photons absorbed. Inset shows the 
normalised transient absorption spectrum measured at 1 µs. 
 
Figure 6.12: Transient decay kinetics under nitrogen and oxygen atmospheres for DPP-T-TT blend 
films with 5% PCBM, pumped at 700 nm and probed at 1140 nm with excitation energy 28 µJcm
-2
, 
showing no oxygen quenching. Note that the slightly biphasic decay is due to the high excitation 
energy being used. 
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The blend film of DPP-T-TT with 80% PCBM exhibits a broad photoinduced absorption 
band with a maximum at around 1100 nm (Figure 6.11 inset), measured at 1 µs after laser 
excitation. The transient decay kinetic of 80% blend film probed at 1140 nm is found to 
follow a power decay law          (Figure 6.11) and is not affected by the presence of 
oxygen as seen in Figure 6.12. Therefore, the photoinduced absorption band of 80% blend 
film is assigned to polaron absorption. The decay kinetics of blend films with 5% and 50% 
PCBM are similar to that of 80% blend film - fitting to a power decay law and not oxygen 
sensitive, except having lower polaron yields. No transient absorption signal, however, can be 
observed with neat film of DPP-T-TT on microsecond timescale, consistent with previous 
observation that higher film crystallinity can reduce the lifetime of triplet excitons (Chapter 
3). 
 
Figure 6.13: (Left axis) Polaron amplitude estimated from ΔOD at 1- 5 µs, and (right axis) polaron 
amplitude corrected for exciton quenching (normalised to PL quenching in 80% blend film) as a 
function of PCBM loading. 
Changes in the polaron amplitude of DPP-T-TT blend films from 5% to 80% PCBM loading 
are illustrated in Figure 6.13. The polaron amplitude increases by 13 µΔOD from 5% to 80% 
blend films (left axis). However, the PL quenching of different blend films has been found to 
vary significantly. Therefore, the polaron amplitude after correcting for polymer emission 
quenching in blend films can give a better comparison on the efficiency of the quantum yield 
of charge dissociation per quenched exciton among the blend films, and therefore of the 
impact of geminate recombination losses. The corrected polaron amplitude shows a much 
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smaller increase of only 5 µΔOD from 5% to 80% blend films, and the amplitude barely 
changes from 50% to 80% PCBM loading. This implies that a large increase in PCBM 
loading only produce marginally more polaron yield per exciton being quenched. This is in 
stark contrast to the compositional dependence on charge generation yield in PCDTBT blend 
films, as will be discussed further below. 
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Figure 6.14: Excitation density dependence for DPP-T-TT with 80% PCBM, pumped at 700 nm and 
probed at 1140 nm under nitrogen atmosphere. Inset shows the normalised signal amplitude at 0.5µs, 
with subtraction from slow phase amplitudes.  
Figure 6.14 shows the transient decay kinetics of DPP-T-TT blend films with 80% PCBM at 
different excitation density. The inset shows the normalised polaron signal amplitude as a 
function excitation density at 0.5µs. The polaron signal seems to be fairly linearly dependent 
upon excitation density with a slight hint of saturation at high excitation density. The 
excitation density required to reach saturation of the signal amplitude seems considerably 
higher for DPP-T-TT blend film than for PCDTBT blend film, which may be attributed to the 
poorer charge generation yield of DPP-T-TT blend films. Note that the poorer charge 
generation yield of DPP-T-TT blend films compared to PCDTBT at high PCBM 
compositions mainly stems from the significantly lower exciton quenching efficiency. 
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6.3.3 Discussion 
 
Figure 6.15: Comparing the polaron amplitude (ΔOD) corrected for exciton quenching as a function 
of PCBM loading for DPP-T-TT and PCDTBT blend films. The values of ΔOD/PLQ have been 
normalised. 
The compositional dependences of PCBM on polaron amplitudes of PCDTBT and DPP-T-TT 
blend films are illustrated in Figure 6.15. These polaron amplitudes have been corrected for 
differences in exciton quenching to compare the relative charge separation efficiency over 
various blend compositions. Charge generation in PCDTBT blend films seems more strongly 
dependent on PCBM loadings than in DPP-T-TT blend films. PCDTBT blend films show a 
change in polaron amplitude by a factor of 0.7 between 5% and 80% PCBM loadings, while 
DPP-T-TT blend films only exhibit a change by a factor of 0.35 over the same compositions. 
The contrast is even more striking when comparing the polaron amplitude from 50% to 80% 
PCBM loadings, where PCDTBT blend films exhibit almost ten times higher polaron 
amplitude than DPP-T-TT blend films. Furthermore, triplet excitons which are present in 
PCDTBT neat and blend films, were not observed in any DPP-T-TT films. Hence, the 
photophysical behaviour of PCDTBT and DPP-T-TT in both neat and blend films are rather 
distinctive. It is worth noting that the change in polaron amplitude observed on microsecond 
timescale could stem from changes in yield or lifetime (ie. via geminate or non-geminate 
recombination), but cannot be resolved herein. 
0 10 20 30 40 50 60 70 80
0.2
0.4
0.6
0.8
1.0
 DPP-T-TT
 PCDTBT
P
o
la
ro
n
 a
m
p
li
tu
d
e
 (

O
D
) 
/P
L
Q
PCBM loading (%)
154 
 
The compositional dependences of PCDTBT and DPP-T-TT blend films may partially be 
influenced by the different polymers’ crystallinity as shown by XRD measurements (Figure 
6.1). This can in turn affect the blend nanomorphology, as indicated by their markedly 
different exciton quenching efficiency. The more amorphous PCDTBT may intercalate with 
PCBM to create more finely mixed blend microstructure, resulting in efficient exciton 
quenching while the presence of larger, pure domains at higher PCBM loading can further 
enhance charge separation.
29
 On the other hand, the crystalline DPP-T-TT may exclude 
PCBM to result in larger domain sizes (even at low PCBM loading) which may explain the 
poorer exciton quenching
38
 as well as the lack of significant improvement in charge 
separation efficiency with additional PCBM loading. Although additional PCBM does not 
further improve charge generation in DPP-T-TT blend films, it may still affect the optimum 
blend morphology for charge transport as observed by Guerrero et al.
39
 This is consistent 
with the high blend ratio of 75% PC71BM being reported for the best performing DPP-T-
TT/PC71BM devices.
36
 Similarly, the optimum photocurrent in PCDTBT/PC71BM devices 
has been achieved with 67% PC71BM, as shown in Appendix 6.1, as the blend morphology at 
higher loadings may be less favourable for charge transport or collection. 
The different transient species formation in PCDTBT and DPP-T-TT blend films may be 
related to the energy level of CT states. In blend films of PCDTBT, the energy level of CT 
states may be lowered with increasing PCBM loadings, as observed from the reduction in 
device Voc (see Appendix 6.1) and has been reported in the literature.
9,28,40
 This may result in 
triplet formation from geminate recombination of the CT states being energetically less 
favourable at high PCBM loadings, while charge dissociation simultaneously improves with 
the presence of good phase separation. The stabilisation of CT states with increasing PCBM 
loadings can possibly be due to the presence of aggregated PCBM domains which increases 
the electron affinity of PCBM, or an overall increase in film dielectric constant as PCBM 
usually has considerably higher dielectric constant than polymers.
9,41
 As crystallinity has also 
been reported to improve film dielectric constant
42-45
, CT states of the more crystalline DPP-
T-TT may potentially be lower in energy than the triplet states, regardless of PCBM loadings. 
Thus, triplet formation from the geminate recombination of CT states would be energetically 
less favourable compared to charge dissociation in DPP-T-TT blend films. From the results 
shown herein, the absence of triplet excitons being observed in DPP-T-TT blend films as well 
as in blend films of PCDTBT at high PCBM loadings seem to coincide with the presence of 
DPP-T-TT or PCBM crystallites. Therefore, it is likely that the presence of crystalline 
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domains may lower/stabilise the energy level of CT states. As crystalline domains are likely 
to be present in all DPP-T-TT blend films, this is consistent with the VOC (and hence the 
energy level of CT states) being observed to remain unchanged across different blend films of 
DPP-TT-T, a crystalline polymer of similar structure to DPP-T-TT, unlike the varying VOC in 
the amorphous PCDTBT blend films. (see Appendix 6.1 and 6.2)  
Similar compositional dependence as PCDTBT has also been observed in another amorphous 
polymer, APFO-3, as shown in Appendix 6.3 (see Figure 3.1 for XRD data of APFO-3). In 
literature, other class of amorphous polymers such as IF8TBTT
46
, PF10TBT
9
, MDMO-PPV
8
, 
and Ra-P3HT
47
 have also shown triplet exciton formations at low PCBM loading whereas 
only polaron has been observed in blend films of crystalline polymer such as RR-P3HT
10
. 
Hence, it is likely that material crystallinity may result in the stabilisation of CT state energy 
which leads to a reduction in loss mechanism from triplet formation, as well as improvement 
in charge dissociation via the more loosely bound CT state.
48,49
 This may also partly explain 
the success of the relatively crystalline PCBM and PC71BM over more amorphous acceptors 
such as ICBA and ICTA,
50
 as most conjugated polymers used in OPV are relatively 
amorphous. Therefore, material crystallinity may not only affect blend morphology and 
charge transport but also plays a crucial role in charge photogeneration. 
 
6.4 Electron transfer vs hole transfer  
Previously, the photophysical studies were carried out with excitation at the polymers’ 
absorption maximum, where only the charge generation pathway via electron transfer (from 
LUMO levels of donor to acceptor) can be observed. However, with the increasing use of 
PC71BM which exhibits substantial light absorption in the visible region, it is also of interest 
to investigate the efficiency of charge generation via hole transfer (from HOMO levels of 
acceptor to donor).
5-7
 In this section, the charge generation pathways via electron or hole 
transfer will be compared in blend films with the same polymers as employed in the last 
section, PCDTBT and DPP-T-TT. This study is carried out by analysing external quantum 
efficiency (EQE) in devices, as well as the ground state and transient absorption spectra in 
films.  
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Figure 6.16: (Right axis) External quantum efficiency (EQE) spectrum of a DPP-T-TT device with 
80% PC71BM compared to (Left axis) ground state absorption spectra for neat DPP-T-TT, PC71BM 
and DPP-T-TT/PC71BM blend (80% PC71BM) films. (EQE spectrum was done by co-workers, 
Zhenggang Huang and Shahid Ashraf.) 
 
Figure 6.17: External quantum efficiency spectra of PCDTBT devices with 67% PCBM (red) and 
PC71BM (black), overlay with the ground state absorption spectra of PCDTBT/PCBM (red dashed) 
and PCDTBT/PC71BM (black dashed) blend films. (Both EQE spectra were done by co-workers, 
Chinghong Tan and Nurlan Tokmoldin.) 
Comparing the absorption spectra of neat DPP-T-TT, PC71BM and the blend film in Figure 
6.16, PC71BM absorbs strongly from λ< 600 nm in the blend film while DPP-T-TT mainly 
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absorbs at around 700-800 nm. The external quantum efficiency (EQE) spectrum of a DPP-T-
TT/PC71BM device as shown in Figure 6.16, exhibits a two-third higher photoresponse from 
λ< 600 nm than from the polymer absorption at around 700-800 nm. This implies that 
photocurrent generation in DPP-T-TT/ PC71BM device mainly derives from light absorption 
by PC71BM. Unlike DPP-T-TT/PC71BM device, the EQE spectrum of PCDTBT/ PC71BM 
device exhibits rather homogeneous photoresponse, as shown in Figure 6.17. As the 
absorption of PCDTBT and PC71BM significantly overlaps, EQE spectra of devices with 
PCBM and PC71BM are compared in order to distinguish photocurrent contribution from the 
polymer or fullerenes. As seen from Figure 6.17, devices with both PCBM and PC71BM 
exhibit almost similar photoresponse with a maximum at λ~ 560 nm where PCDTBT absorbs 
the most strongly. Hence, light absorption by PCDTBT seems to primarily contribute to 
photocurrent generation in PCDTBT/PC71BM device, despite the high PC71BM loading. 
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Figure 6.18: Transient decay kinetics of DPP-T-TT blend films with 80% PC71BM showing different 
polaron yield when pumped at 600 nm and 700 nm. Inset shows the transient decay kinetics of PCBM 
and PC71BM pumped at 600 nm. All ΔOD values have been normalised for the amount of photons 
absorbed and all data were probed at 1140 nm using excitation density 3 µJcm
-2
. 
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Figure 6.19: Transient decay kinetics of PCDTBT blend films with 67% PCBM and PC71BM, 
pumped at 560 nm and probed at 980 nm using exication density 3µJcm
-2
. The inset compares the 
ground state absorption spectra of neat PCBM and PC71BM films. 
To further compare the efficiency of charge generation via polymer or fullerenes absorption, 
transient absorption measurements are carried out on blend films. The transient decay 
kinetics of DPP-T-TT/PC71BM blend film when excited at 600 nm and 700 nm are shown in 
Figure 6.18. Blend film excitation at 600 nm results in significant PC71BM absorption while 
only polymer can absorb at 700 nm. The initial polaron yields generated from polymer 
excitation at 700 nm is about a third less than from excitation at 600 nm where mainly 
PC71BM absorbs, after normalised for photons absorbed at the respective wavelength. This is 
consistent with the decay kinetic of DPP-T-TT/PCBM blend film at 600 nm excitation, where 
only DPP-T-TT absorbs with negligible PCBM absorption. As seen from the inset of Figure 
6.18, blend film with PCBM only generates half the polaron yield compared to blend film 
with PC71BM, after normalised for photons absorbed. Therefore, it is likely that fullerene 
absorption can generate free charges much more efficiently than DPP-T-TT absorption, 
consistent with the EQE data. On the other hand, PCDTBT blend films with PCBM and 
PC71BM exhibit very similar transient decay kinetics at 560 nm excitation, as shown in 
Figure 6.19. In contrast to DPP-T-TT blend film, the more superior light absorption from 
PC71BM (Inset) does not lead to higher charge generation yields per photons absorbed in 
PCDTBT/ PC71BM blend film. Hence, the efficiency of charge generation from PCDTBT or 
fullerene should be relatively similar in PCDTBT/fullerene blend films.  
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Charge generation from fullerene may proceed via either hole transfer from fullerene to 
polymer or Förster resonance energy transfer from fullerene to polymer, follows by electron 
transfer.
5,6,51,52
 However, energy transfer is found to be more efficient where there is a good 
overlap between polymer emission and fullerene absorption, as previously observed in a 
polyfluorene with blue-shifted emission.
46
 Therefore, it is unlikely for energy transfer to 
occur in DPP-T-TT/ PC71BM blend film where there is no overlap between the highly red-
shifted DPP-T-TT emission and PC71BM absorption. As such, charge generation in DPP-T-
TT blend film may primarily occur through hole transfer from HOMO levels of fullerene to 
polymer rather than the conventional electron transfer from LUMO levels of polymer to 
fullerene. On the other hand, charge generation in PCDTBT blend film seems to proceed at 
similar efficiency via electron or hole transfer, although the EQE spectrum seems to suggest 
that the electron transfer pathway may have higher contribution towards photocurrent 
generation. The difference in efficiency of charge generation pathways in these blend films 
will be discussed in terms of energetic consideration. 
 
Figure 6.20: A schematic illustrating the HOMO and LUMO energy levels for DPP-T-TT, PCDTBT 
and PCBM/ PC71BM. The LUMO energy levels of DPP-T-TT and PCDTBT are estimated from the 
difference in IP and the intersection between absorption- PL spectra. The energy levels of PCBM/ 
PC71BM are obtained from the literatures
1,53
 and assumed to be similar.  
From the above observations, the main charge generation pathway in DPP-T-TT blend films 
is rather distinctive from that in PCDTBT blend films. In DPP-T-TT blend films, charge 
generation mainly occurs via hole transfer whereas both electron and hole transfers happen 
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with similar efficiency in PCDTBT blend films. The poor charge generation process via 
electron transfer from DPP-T-TT to fullerenes may be due to the very low LUMO levels 
offset (see Figure 6.20) which can result in insufficient driving energy for charge separation. 
In contrast, the HOMO levels offset between fullerene and DPP-T-TT is significantly larger 
such that the high driving energy for charge separation can facilitate efficient hole transfer. 
On the other hand, PCDTBT have very similar LUMO and HOMO levels offset which likely 
resulted in the similar charge generation efficiency via both electron and hole transfer. The 
results herein appear to imply that sufficient energy levels offset is required to achieve 
efficient charge dissociation, which will be further investigated in the next section. 
The energy levels of DPP-T-TT are rather well-positioned with deep HOMO level for high 
Voc, and a low band gap for enhanced photon absorption. Despite the resulting low LUMO 
level, it is still able to produce good charge separation via hole transfer. Hence, a high device 
efficiency of 6.9% has been reported after optimisation of the blend morphology via solvent 
processing.
36
 So far, many design strategies for new polymers have been made with the 
assumption that charge generation proceeds via the conventional electron transfer from 
LUMO levels of the polymer to acceptor. This has led to the synthesis of polymers with 
higher LUMO levels in order to enhance the driving energy for charge separation via electron 
transfer.
54-57
 However, this strategy can also raise the HOMO level of the polymer which 
leads to a lower Voc, or result in optical band gap that is too large for good photon absorption 
from the solar spectrum. Such compromise, however would not be necessary when hole 
transfer has comparable or even better efficiency than electron transfer as demonstrated with 
DPP-T-TT blend films and has been reported in the literature.
5,6,52
 Therefore, the study of 
charge generation pathway can lead to design guidelines for new polymers with high device 
performance. 
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6.5 Polaron yield vs driving energy for charge separation 
The bound electron-hole pairs (excitons) formed upon photoexcitation of organic blend films 
require sufficient thermal energy in order to overcome the Coulombic attraction and 
subsequently generate free charges. In the last section, our photophysical studies on PCDTBT 
and DPP-T-TT have shown some indication that sufficiently large energy levels offset seems 
necessary to drive efficient charge separation. This is consistent with previous reports which 
have observed strong dependencies of energy offset with the yield of dissociated charges for 
several distinct materials series, including polyhiophene/PCBM,
20
 P3HT/perylenediimide,
23
 
DPP polymers/ PC71BM,
58
 as well as  thiazolothiazole polymers with PCBM and ICBA.
59
 In 
addition, Janssen et al
33
 have also observed a good correlation between EQE assay of 
photocurrent generation and energy offset estimated from the difference in optical band gap 
and VOC. In this section, the generality of the importance of energy offset in driving charge 
separation is extended to a wide range of donor-acceptor polymers in blend films with 
PC71BM. 
 
Figure 6.21: Excitation density dependence for PCDTBT with 67% PC71BM, pumped at 560 nm and 
probed at 980 nm under nitrogen atmosphere. The decay kinetic at E= 0.76 μJcm-2 shows a plateau in 
signal amplitude at early time. 
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Firstly, transient absorption measurements are obtained for all the polymer/PC71BM blend 
films listed in Table 6.3. The polaron yield is then estimated from the plateau of transient 
decay kinetic observed at early times using low excitation density, as shown in Figure 6.21 
for a typical blend film. Such plateau ΔOD signal is indicative of the onset of non-geminate 
recombination of dissociated charges. For the relative energy driving charge separation, it is 
defined as ES – (IPDonor – EAAcceptor) herein, consistent with previous studies.
20,58
 The 
estimated polaron yield and the relative energy offset driving charge separation for all the 
blend films are listed in Table 6.3.  
 
Figure 6.22: A plot of polaron yield (ΔOD) as a function of driving energy for charge separation, 
ΔECS for a range of donor-acceptor polymers with PC71BM as shown in Table 6.1. ΔOD were 
estimated from the plateau of transient absorbance signal at E= 0.5 µJcm
-2
 and corrected for 
variation in optical absorption at the excitation wavelength. ΔGCS were calculated from ES- 
(IPDonor – EAAcceptor), where PCBM electron affinity (EA) of 3.7 eV is used in accordance with the 
literature.
20  
The polaron yield as a function of relative driving energy for charge separation is presented 
in Figure 6.22, showing a good correlation between both parameters. For a change in driving 
energy of around 300 meV, there is at least an order of magnitude difference in polaron yield 
being generated. As donor-acceptor polymers are typically of low band gap, the ΔECS are 
much lower compared to the previously reported  polythiophenes and polyselenophenes by 
approximately 600 meV, yet comparable polaron yields have been observed.
60
 Hence, donor-
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acceptor polymers seem to be able to produce high charge generation yield with relatively 
low driving energy, probably attributed to the internal charge transfer nature of this class of 
polymers.
29
 This would therefore enable donor-acceptor polymers to achieve efficient charge 
generation with much smaller optical band gap, which may have contributed to the excellent 
device performances.
58,59
 
Table 6.3. Summary of photophysical properties in polymer/PC71BM blend films. 
Polymers ΔECS
a
 
(eV) 
 µΔODb 
 
 Jsc
c 
(mAcm
-2
) 
GeIDT-BT 0.20 30 13.9 
SiIDT-TBTT 0.11 30 12.7 
APFO3 0.08 17 6.8 
PCDTBT 0.14 31 10.6 
PTB7 0.28 66 15.7 
SiIDT-BT 0.10 35 12.3 
C2C6IDT-BT 0.12 54 11.5 
C16IDT-BT 0.10 22 2.0 
bisTPD-T-T 0 7 0.1 
SiIDT-DPP 0.15 25 3.5 
DPP-TT-T 0.04 12 14.0 
DPP-T-TT -0.30 6 6.3 
DPP-TTB 0.05 2 9.9 
a. Driving energy for charge separation, ΔECS as estimated from ES -(IPDonor – EAAcceptor), 
where EA of PC71BM is taken as 3.7 eV and, IP and ES of donor polymers are listed in Table 
6.2. b. Polaron amplitude as estimated from the plateau of transient absorbance signal at E= 
0.5 µJcm
-2
 after excitation at polymer’s absorption peak, and corrected for variation in optical 
absorption at the excitation wavelength. c. Polymer/PC71BM devices with optimised blend 
ratios were fabricated by Pabitra Shakya Tuladhar, Zhengang Huang, Shahid Ashraf, Zhe Li 
and Dong Seok Leem. 
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6.6 Device photocurrent vs polaron yield 
 
Figure 6.23: An assay of device photocurrent at optimised blend ratio as a function of polaron yield 
(ΔOD) estimated from the plateau of transient absorbance signal at E= 0.5 µJcm-2 and corrected for 
variation in optical absorption at the excitation wavelength. All the polymers listed in Table 6.3 with 
PC71BM are shown in blue, except DPP-T-TT, DPP-TT-T and DPP-TTB which are shown in red. 
Previously, a clear correlation between device photocurrent and polaron yield as estimated 
from TAS has been reported for a range of donor polymers with PCBM and PC71BM.
26
 
Recently, similar correlation has also been observed for thiazolothiazole polymers with 
PCBM and ICBA.
59
 Here, the generality of such correlation is extended to the same range of 
donor-acceptor polymer/ PC71BM blend films as studied in the last section.  
Our assay of device photocurrents herein are obtained from JSC at the optimised blend ratio 
which ranges from 67 - 80% PC71BM by weight, and listed in Table 6.3. Figure 6.23 shows 
the relationship between device photocurrent and the polaron yield as estimated from the 
plateau ΔOD of transient decay kinetics. Most of the polymers shown in blue have exhibited 
efficient photoluminescence quenching of over 90% with PC71BM, but the polaron yields still 
vary by over an order of magnitudes. Moreover, the polaron yields of these polymers (blue) 
have shown rather strong correlation with device photocurrents, indicating that TAS is a far 
more reliable indication of device performance than PL. However, DPP-TT-T, DPP-T-TT 
and DPP-TTB (red) appear as outliers as seen in Figure 6.23, where the device photocurrents 
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are quite high despite the poor polaron yield. These three DPP polymers are also relatively 
crystalline with poor exciton quenching of up to ~50% even at high loading of PC71BM. 
However, the poor PL quenching is not sufficient to explain the 3.5 - 20 times lower than 
expected polaron yields. It should be emphasised that the polaron yield shown in Figure 6.23 
was obtained by exciting at the polymers’ absorption maxima, where only electron transfer 
from the LUMO levels of polymers to PC71BM can be observed. As discussed in Section 6.4 
and reported by Dimitrov et al
6
, the main contribution to device photocurrent in the very low 
band gap DPP polymers with PC71BM, results from hole transfer pathway as the LUMO 
levels offset is insufficient to drive charge separation via electron transfer. Hence, it is likely 
that the significantly higher polaron yield resulting from hole transfer would fit better with 
the device photocurrent for blends of DPP-T-TT, DPP-TT-T and DPP-TTB with PC71BM. 
As our TAS assay of polaron yield were conducted on blend films without electrodes, the 
observed correlation in Figure 6.23 suggests that electric field induced by the device 
electrodes has very little effect on charge generation. However, APFO3 seems to an 
exception, with a noticeably higher JSC than expected from the estimated polaron yield. The 
enhanced JSC in APFO3 device is likely to stem from electric field dependent charge 
photogeneration, as has been observed by Dibb et al
61
.  
For the range of donor-acceptor polymers employed herein, charge photogeneration in blend 
films seems to be the key determinant of device photocurrent, with very limited electric field 
dependent effect from device electrodes. The observed correlation between polaron yield in 
film and device photocurrent also implies that non-geminate recombination of free charges 
may not be a significant loss pathway that limits the efficiency of the devices studied here. In 
addition to previous reports, our study further validates the generality of such correlation 
across different classes of polymers. This finding also suggests that transient absorption 
spectroscopy is a reliable screening tool for predicting device performances of new materials, 
and hence can greatly reduce efforts required for intensive device fabrication. 
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6.7 Conclusions 
In this chapter, different photophysical properties have been observed in blend films of 
polymers with contrasting crystallinity. In amorphous PCDTBT/PCBM blend films, 
increasing PCBM loadings can significantly improve the yield of charge separation, while 
reducing the yield of triplet excitons. On the other hand, the more crystalline DPP-T-TT 
blend films only exhibit minimal changes in charge generation yield at higher PCBM 
loadings, with no sign of triplet excitons being present. This implies that materials’ 
crystallinity can have great impact upon the efficiency of charge photogeneration in these 
blend films. It has also been demonstrated that hole transfer from fullerene absorption can be 
the dominant charge generation pathway in low band gap polymer, as the low LUMO level 
may have insufficient energy offset to drive charge separation via electron transfer. Indeed, 
the driving energy for charge separation has shown good dependence on the measured 
polaron yield for an extensive range of donor-acceptor polymers in blend films. Furthermore, 
a strong correlation has been observed between the polaron yield in blend films and device 
photocurrent, which strongly indicates that transient absorption spectroscopy is a reliable 
technique for predicting device performance. The results presented herein can therefore 
provide some rational design guidelines for new polymers, in terms of modifying the 
energetics and controlling molecular ordering in film, in order to achieve high device 
performance. 
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Chapter 7: Conclusions 
 
This thesis has focussed on investigating the photophysical properties of neat polymers, as 
well as charge separation and photochemical stability in polymer/fullerene blends. The wide 
range of donor polymers employed herein are primarily donor-acceptor copolymers. 
Transient absorption spectroscopy (TAS) is the main technique used to study the 
photophysical properties in neat and blend films, while the rate of photodegradation was 
monitored by ground state absorption spectroscopy under accelerated ageing conditions. 
From these studies, the effect of molecular ordering and polymer energetics on charge 
generation and photochemical stability in polymer/fullerene solar cells can be eludicated, 
which can provide design guidelines for new polymers. 
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Conclusions 
Due to the extensive synthetic possibilities for new donor-acceptor polymers, it is important 
to understand the relationship between the structure of polymers and their photophysical 
properties, such that polymers with the desired electronic properties can be developed. In 
Chapter 3, TAS studies on neat polymer films have shown photoinduced formation of triplet 
excitons with varying lifetimes and yields. The polymer films which exhibit long triplet 
lifetimes are found to be relatively amorphous from an assay of their XRD strength. In 
addition, the more amorphous polymers also exhibit faster rate constants and higher yields of 
oxygen quenching. Hence, material crystallinity is found to be a key determinant of the 
lifetime and oxygen quenching efficiency of triplet excitons for the range of donor polymers 
studied. As triplet states are increasingly recognised to affect the function of organic 
electronic devices, the impact of materials crystallinity upon triplet photophysics is likely to 
be an important material design consideration for optoelectronic applications such as those 
utilising triplet excitons for charge generation. 
Triplet excitons are also known to play a role in the photochemical stability of organic 
materials; as such the rate of photochemical degradation is studied for a similar range of 
polymers in both neat and blend films. The relative stabilities of these neat and blend films 
are assayed from the rate of photobleaching under oxygen atmosphere, as presented in 
Chapter 4. Polymers with relatively high crystallinity are found to be less susceptible to 
photo-oxidation, which may stem from the lower oxygen solubility and faster triplet decay to 
ground. Those polymers with superior photochemical stability also do not exhibit any 
observable triplet formation; hence the degradation pathway via triplet mediated singlet 
oxygen generation can be minimised. A comparison of the stability of blend films and 
devices shows enhanced device stability than compared to blend films. It appears that the 
addition of device electrode can significantly reduce photodegradation of the active layer 
blends, likely by retarding the kinetics of oxygen diffusion into the active layer. However, 
device stability with the less stable active layer blends eventually degrades faster than the 
device employing more stable blends in a prolonged degradation study. This implies that 
photochemical stability of polymers is of direct relevance to the long term stability of OPV 
devices, especially when device encapsulation fails. 
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As a significant variation in photochemical stability was observed among the polymers 
studied, it is important to understand the mechanism of photodegradation in these polymers. 
In Chapter 5, singlet oxygen generation was studied in neat and blend films of DPP-TT-T and 
PTB7 due to their contrasting stability, using a molecular fluorescent probe. The relative 
instability of PTB7 neat and blend films is attributed to singlet oxygen generation sensitised 
by triplet excitons. It is rather striking that efficient singlet oxygen generation was observed 
in the PTB7/PCBM blend films, despite the absence of observable triplet excitons from TAS. 
A model has been proposed for the photodegradation pathways in PTB7 films, where the 
degradation of PTB7 blend film is assigned to singlet oxygen generation from triplet excitons 
that are formed through non-geminate recombination of polarons. Hence, the photochemical 
stability of polymers such as PTB7 may be enhanced by either reducing triplet formation via 
modifying the polymers’ crystallinity, or suppressing singlet oxygen generation via tuning of 
the polymers’ energetics. 
Finally, a study of charge photogeneration in polymer/fullerene blend films using TAS is 
presented in Chapter 6. Charge generation in the more amorphous PCDTBT blend films was 
observed to exhibit a stronger compositional dependence with PCBM than the more 
crystalline DPP-T-TT blend films. The low LUMO level of DPP-T-TT was found to be 
insufficient to drive efficient electron transfer in the blends, rather photocurrent generation in 
the device mainly derived from hole transfer pathway. This is consistent with the observed 
strong dependence between polaron yield estimated from TAS and energy offset in driving 
charge separation. Overall, both materials crystallinity and donor/acceptor energetic offset 
appear to be key factors influencing charge photogeneration. Furthermore, the good 
correlation between device photocurrent and polaron yield estimated from TAS indicates that 
TAS is a reliable tool in predicting material performance. 
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Further work 
Our assay of relative film crystallinity was conducted on drop-casted film for out-of-plane 
orientation, due to limitations in the WAXD technique. Instead, grazing incidence x-ray 
scattering (GIXS) is a more rigorous technique for probing molecular packing in different 
orientations. The stronger incident beam of GIXS also allows spin-casted thin film to be 
studied, for better compatibility with photophysical studies. 
Two possible mechanisms for photochemical degradation in the presence of oxygen have 
been reported. In this thesis, the photodegradation mechanism via singlet oxygen generation 
has been studied. Hence, it is also interesting to investigate the extent to which superoxide 
radical anion can affect photochemical stability of the polymers employed herein.  For 
example, 9,10-dicyanoanthracene (DCA) is known to sensitise superoxide radical anion upon 
irradiation. In addition, the range of donor polymers being employed for our photochemical 
stability study is not systematic in terms of chemical structures; thus it was difficult to 
identify the weakness of specific polymer structure. Further work can be done to study the 
sensitivity of specific chemical structure towards oxygen-induced photodegradation, which is 
of direct importance in developing polymers that are more resistant towards photo-oxidation. 
In our compositional dependence study on blend films, it has been suggested that polymers 
with different crystallinity can produce varying blend nanomorphology which can strongly 
affect photocurrent generation. Other than the inference of blend morphology from PL 
quenching efficiency as employed herein, a combination of microscopy techniques can be 
utilised for the determination of domain size and miscibility between the donor and acceptor 
in blends. This can allow for more accurate interpretation of charge generation losses, and 
hence more effective solutions can be imposed to enhance the device performance. 
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Appendices 
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Appendix 3.1: Transient decay kinetics of IF8TBTT, PCDTBT and SiIDT-BT neat films 
under nitrogen atmosphere showing monoexponential decay lifetimes of 1.3, 0.9 and 0.4 µs 
respectively. The pump and probe wavelengths are listed in Table 3.1. The broken line 
represents fitting curve with a monoexponential equation:             ⁄  .  
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Appendix 3.2: Triplet lifetime (top) and yield of oxygen quenching (bottom) as a function of 
optical band gap, showing no correlation. 
 
 
Appendix 3.3: Singlet lifetime, determined from time-correlated single photon counting 
(TCSPC), as a function of π-π diffraction strength. 
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PC71BM 
% (wt.) 
PCE 
(%) 
Voc 
(V) 
Jsc 
(mA.cm
-2
) FF 
20 0.1 0.97 0.35 0.26 
33 0.4 0.96 1.75 0.27 
67 5.6 0.91 11.2 0.57 
80 5.1 0.90 8.65 0.65 
 
Appendix 6.1: Table showing (amorphous) PCDTBT:PC71BM devices with various PC71BM 
loadings. The open-circuit voltage (Voc) decreases steadily with increasing PC71BM 
loadings. 
 
PC71BM 
% (wt.) 
PCE 
(%) 
Voc 
(V) 
Jsc 
(mA.cm
-2
) FF 
20 0.1 0.61 0.6 0.26 
33 1.0 0.62 5.0 0.32 
67 5.7 0.60 16.0 0.59 
80 4.0 0.61 10.0 0.66 
 
Appendix 6.2: Table showing (crystalline) DPP-TT-T:PC71BM devices with various PC71BM 
loadings. The open-circuit voltage (Voc) does not vary with increasing PC71BM loadings. 
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Appendix 6.3: Transient decay kinetics under nitrogen (black and grey) and oxygen (green) 
atmospheres for (top left) neat film, and for blend films with (top right) 5% PCBM, (bottom 
left) 50% PCBM and (bottom right) 75% PCBM. Data were collected at excitation energy 60 
µJcm
-2
, pumped at 520 nm, probed at 980 nm and corrected for the amount of photon 
absorbed.  As indicated by the oxygen quenching of decay kinetics, triplet yield seems to 
decrease while polaron yield (slow phase that is unaffected by oxygen) increases with 
increasing PCBM loadings. 
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